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SECTION  I 
KtTROOyCTIOH 


A.  OBJECTIVES 

The  Jbjectives  of  thi4  study  are  I'sted  below: 

•  to  evaluate  alternative  techniques,  other  than  directly  sampling  ground 
water,  for  detecting  subsurface  organic  contamination  under  a  variety  of 
conditions; 

•  to  recommend  appropriate  apolications  for  the  alternative  techniques 
based  on  the  field  experience:  and 

•  to  recommend  research  that  is  needed  to  further  the  use  of  these 
techni flues. 

B.  BACKGROUND 

In  19B4.  the  U.S.  Environmental  Protection  Agency  (EPA)  Environrental 
Monitoring  Systems  Laboratory  in  Las  Vegas.  Nevada  (EHSL-lVl  and  the  Air  Force 
Engineering  ana  Services  Center  (AFESC)  entered  an  interagency  agreement  con¬ 
cerning  investigations  of  subsurface  contaminaticn  at  Air  force  Installation 
Restoration  Program  (IR?)  sites.  Both  organic  and  inorganic  contamination  were 
of  interest,  but  organic  contamination  was  emphasized.  The  traditional  approach 
to  these  site  investigations  involves  the  installation  of  wells  and  analysis  of 
ground  water  samples.  This  approach  provides,  a  direct  messurcment  of  the 
contamination  at  the  locations  saoplcd.  However,  information  about  the  extent 
and  degree  of  contamination  may  be  limited  by  the  number,  cost  and  possible 
locations  of  the  wells.  If  inexpensive,  and  rolativtly  rapid  reconnaissance 
techniques  could  be  used  as  an  aid  to  selecting  the  well  locations,  the  number 
of  wells  could  be  reduced.  This  would  resu«t  in  significant  savings  in  terms 
of  costs  and  time. 

The  interagency  agreement  initiated  studies  at  four  Air  force  bases  to 
test  indirect  methods  for  detecting  and  napping  organic  contamination  in  ground 
water  and  soil.  The  methods  chosen  for  evaluation  we»'e  soil  gas  and  geophysical 
measurements.  These  measurement  results  then  were  compared  to  ground  water 
data  obtained  during  the  same  study.  This  made  it  possible  to  evaluate  the 
performance  of  the  soil  gas  and  geophysical  techniques  for  these  locations. 
However,  because  of  the  wide  variety  in  contaminants  and  geological  conditipns, 
care  must  be  used  when  applying  the  conclusions  ueveloped  from  these  site- 
specific  studies  to  other  locations.  To  extend  the  results  from  these  studies 
to  other  site  conditions,  additional  examples  were  assembled  from  the  litera¬ 
ture.  Using  all  this  information,  general  guidelines  were  developed  for  the 
use  of  these  techniques  in  investigations  of  organic  contamination  of  soil  and 
ground  water. 

C.  SCOPE 

A  dual  approach  to  the  project  was  used  with  activities  proceeding  concur¬ 
rently.  This  approach  consisted  of:  (I)  wording  with  a  panel  of  experts  to 
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broaden  tie  ’deas,  approaches  and  experiences  being  used  as  a  basis  for  devel¬ 
oping  the  recoronendations;  and  (2)  performing  site  investigations  to  demonstrate 
the  soil  gas  and  geophysical  techniques.  This  approach  is  described  in  deUil 
in  Section  II. 
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SECTIOH  II 


APPROACH 


A.  OVERVIEW 

Soil  gas  surveying  is  an  emerging  technology  for  detection  of  subsurface 
contamination  through  the  use  of  surface  techniques.  The  techniques  of  soil 
gas  surveying  are  based  on  the  measurement  of  volatile  organic  compounds  (VOCs) 
in  soil  gases  to  detect  contamination  in  the  ground  water  below.  VOCs  dissolved 
in  ground  water  vaporize  into  the  soil  atmosphere.  In  many  situations,  detect¬ 
able  concentrations  of  VOCs  are  present  in  soil  gas  above  contaminated  ground 
water.  Because  of  this,  soil  gas  surveying  can  be  used  to  map  contaminated 
ground  water  at  a  site.  Since  VOCs  are  the  major  components  of  gasoline,  jet 
fuel  number  4  (JP-4),  and  many  industrial  solvents,  this  technology  can  be 
useful  for  locating  commonly  occurring  contamination.  In  these  studies,  active 
and  passive  soil  gas  techniques  were  tested.  The  results  were  conpared  to 
ground  water  analyses. 

Geophysical  techniques,  developed  for  mineral,  soil  engineering,  and  oil 
investigations,  are  now  being  applied  to  hazardous  waste  site  investigations. 
Techniques  frequently  used  include  direct  current  resistivity,  electromagnetic 
(EH)  induction,  ground-penetrating  radar  (GPR),  magnetics,  and  seismic  methods. 
These  methods,  individually  or  in  combination,  can  often  provide  information 
about  geohydrologic  features,  locations  of  buried  metal  objects,  locations  of 
buried  trenches,  and  mapping  of  conductive  leachates  and  contaminant  plumes. 
These  applications  of  geophysics  are  well  understood  and  documented.  Electrical 
geophysical  techniques  such  as  EH  (terrain)  conductivity  have  been  used  on  a 
number  of  occasions  to  directly  detect  organic  contamination  (References  1,  2, 
and  3).  However,  these  methods  generally  have  not  been  accepted  for  routine 
use  because  the  physical  response  is  not  well-understood.  The  use  of  GPR  and 
complex  resistivity  to  directly  detect  organic  contamination  has  been  documented 
for  a  number  of  locations  (Reference  4).  Geophysical  techniques  are  subject 
to  interferences  from  a  variety  of  sources,  depending  on  the  technique.  These 
interferences,  which  include  the  presence  of  metal  objects,  pipelines,  power¬ 
lines,  radio  transmissions,  and  ambient  noise,  may  prevent  the  collection  of 
useful  data  at  a  particular  location.  In  this  study,  all  the  methods  mentioned 
above  except  ground-penetrating  radar  were  demonstrated  at  one  or  more  locations. 
At  most  bases,  the  geophysical  techniques  were  used  to  determine  physical  char¬ 
acteristics  such  as  depth  to  bedrock,  or  depth  to  the  water  table.  In  some 
cases,  geophysical  methods  were  used  to  locate  buried  metal  objects.  The  direct 
detection  of  organic  contamination  was  also  attempted  using  EH  and  dc  resistiv¬ 
ity  techniques.  In  this  report,  the  emphasis  will  be  on  using  soil  gas  and 
geophysical  techniques  to  directly  detect  organic  contamination. 

B.  PANEL  OF  EXPERTS 

A  panel  of  experts  was  chosen  to  provide  advice  on  site  investigation 
approaches.  These  experts  and  their  fields  of  expertise  are  listed  in  Table  1. 
Each  expert  was  assigned  the  task  of  describing  the  approach  he  used  for  inves¬ 
tigations  at  hazardous  waste  sites.  These  approaches  were  compiled  for  the 
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entire  group  to  review  and  discuss  at  a  2-day  meeting.  The  resulting  informa¬ 
tion  was  of  value  to  the  field  studies  in  progress  and,  where  appropriate,  has 
been  included  in  this  report. 


TABLE  1.  PANEL  OF  EXPERTS. 


Name 

Affiliation 

Area  of  expertise 

Dr.  John  Cherry 
Hydrologist 

Geoflow,  Limited 

Waterloo,  Ontario,  Canada 

organics  in  aquifers,  wells 
ground  water  sampling 

Dr.  Gary  Robbins 
Hydrologist 

Koodward-Clyde  Associates 
Santa  Ana,  CA 

organics  in  aquifers,  soil 
gas,  soil  core  head  space 
analysis 

Or.  Thomas  Spittler 
Cheni st 

U.  S.  EPA,  Region  1 
Lexington,  MA 

soil  gas  analysis, 
analytical  chemistry 

Dr.  Donn  liarrin 
Hydrologist 

Tracer  Research  Corp. 
Tucson,  A2 

soil  gas  analysis 

Dr.  Gary  Olhoeft 
Geophysicist 

U.  S.  Geological  Survey 
Denver,  CO 

electrical  geophysical 
techniques 

Kr.  Hayne  Saunders 
Geophysicist 

Canp,  Dresser,  and  HcKee, 
Inc.  Annandaie,  VA 

electrical  geophysical 
techniques 

Or.  Aldo  Hazzella 
Geophysicist 

U.  S.  EPA,  ESSL-LV 

Las  Vegas,  HV 

electrical  geophysical 
techniques 

C.  SELECTION  OF  STUDY  AREAS  FOR  IBVESTiGATIOIl 

The  other  part  of  the  project  consisted  of  field  tests  and  qualitative 
comparisons  of  soil  gas  and  geophysical  results  to  ground  water  data.  Geophys¬ 
ical  techniques  also  were  used  as  part  of  the  site  characterization.  Four  Air 
Force  bases  were  chosen  for  these  investigations  after  review  of  preliminary 
information  from  a  total  of  18.  The  selection  criteria  included  the  following: 

•  presence  of  JP-4,  gasoline,  or  solvent  contamination  from  a 
relatively  recent  spill  {within  the  last  20  years); 

•  type  of  source  of  contamination;  e.g,,  surface  spill,  pipeline 
leak,  fire  training  area; 

•  depth  to  aquifer  less  than  100  meters; 

•  type  of  geology,  e.g.,  karst,  alluvium,  marine  sand;  and  type  of 
soil; 
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•  conductivity  of  aquifer; 

•  ease  of  access  both  to  the  study  area,  and  the  ground  surface;  sites 
v/ith  contamination  under  large  paved  areas  were  excluded;  and 

>  number  of  wells  already  in  place,  delineating  contamination. 

The  bases  selected  are  listed  in  Table  2.  Each  base  provides  differing  geology, 
climate,  depth  to  water  table,  and  contaminants,  thus,.representing  a  variety  of 
situations  for  performing  the  comparisons.  Areas  with  different  types  of 
contamination  were  sometimes  present  at  one  base.  To  maximize  the  information 
gained,  multiple  site  investigations  were  performed.  This  occurred  at  Phelps- 
Collins  Air  National  Guard  Training  Base  (AKGTB),  Holloman  AFB,  and  Robins  AFB. 
The  methods  used  in  the  studies  are  listed  and  described  in  Section  III, 
"METHODS. "  The  studies  and  results  are  described  in  detail  in  individual  site 
reports  (References  5  -  B).  Key  examples  from  these  site  investigations  are 
presented  in  Appendices  A,  B,  and  C,  and  results  are  summarized  in  Section  IV, 
"FIELD  IKVESTIGATIOliS." 


TABLE  2.  GEOLOGY,  CLIMATE,  AND  COHTA.MIHANTS  AT  AIR  FORCE  BASE  STUDY  SITES. 


Base 

Geology 

Climate 

Contaminant 

Holloman  AFB 

sand,  interbedded 
clay 

arid 

gasoline,  OP-4, 
sol  vents 

Phelps  Collins 

ANGTB 

karst 

humid 

solvents,  OP-4, 
buried  metallic 
objects 

Robins  AFB 

marine  sand 

humid 

OP-4,  solvents 

Tinker  AFB 

clay 

humid 

OP-4 

This  series  of  studies  was  intended  to  help  develop  a  hierarchy  of  tech¬ 
niques  which  could  be  logically  adapted  and  applied  to  detect  contamination  for 
a  variety  of  site  conditions.  However,  the  results  from  the  field  studies  fit 
better  into  a  framework  of  broad  guidelines  rather  than  into  a  detailed  strategy 
which  ranks  techniques.  These  broad  guidelines  are  provided  in  Sections  V,  VI, 
and  VII,  "GENERAL  CONSIDERATIONS  FOR  SITE  INVESTIGATIONS,"  "PLANNING  A  SOIL  GAS 
INVESTIGATION,"  AND  "PLANNING  A  GEOPHYSICAL  INVESTIGATION,"  respectively. 
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SECTION  III 


METHODS 

A.  INTRODUCTION 

This  section  serves  two  purposes.  It  sumarizes  the  techniques  applied 
during  the  field  studies  and  briefly  reviews  key  characteristics  of  these 
techniques,  providing  references  to  detailed  descriptions  in  the  literature. 

B.  SUWIARY  OF  METHODS  USED  AT  AIR  FORCE  BASES 

A  complete  summary  of  the  techniques  considered  for  use  in  the  field 
investigations  is  provided  in  Table  3.  The  goal  of  applying  these  techniques 
was  to  either  characterize  the  hydrogeology  or  determine  the  distribution  of 
contaminants  so  that  results  from  each  of  the  selected  techniques  could  be 
compared.  Soil  gas  and  ground  water  sanpling  were  conducted  at  all  bases;  the 
EH  and  dc  resistivity  measurements  were  performed  at  three  of  the  four  bases. 

TABLE  3.  INVESTIGATION  TECHNIQUES  USED  AT  AIR  FORCE  BASE  STUDY  SITES. 


Technique  Phelps-Collins  Holloman  Robins  Tinker 


Sampling  ground  water 
from  existing  wells 

yes 

yes 

yes 

yes 

Sampling  ground  water 
using  soil  gas  probe 

no 

yes 

yes 

no 

Soil  ceres 

no 

no 

no 

no 

Active  soil  gas  sensing 

yes 

yes 

yes 

yes 

Passive  soil  gas  sensing 

no 

no 

yes 

yes 

DC  resistivity 

yes 

yes 

yes 

no 

El ectromagnetic 
induction 

yes 

yes 

yes 

no 

Seismic 

yes 

no 

no 

no 

Ground-penetrating  radar 

no 

no 

no 

no 

Complex  resistivity 

no 

no 

no 

no 

Aerial  photography 

no 

no 

no 

no 
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Sone  of  the  techniques  listed  were  not  used  in  the  site  investigations, 
although  they  might  have  provided  useful  information.  In  certain  cases,  the 
situations  were  not  appropriate,  while  in  others,  the  equipment  could  not  be 
easily  obtained.  For  example,  because  of  expense  and  because  sites  were  chosen 
with  wells  already  available,  no  new  wells  were  installed.  Similarly,  no  soil 
cores  were  obtained,  although  this  technique  would  normally  be  part  of  an 
investigation.  Ground-penetrating  radar  (6PR)  and  complex  resistivity  also 
were  not  demonstrated  in  the  field.  Cost  and  scheduling  problems  precluded  the 
use  of  ground-penetrating  radar  at  Robins  AFB  where  it  would  have  been  appro¬ 
priate.  It  would  be  useful  to  apply  this  technique  at  Robins  at  a  later  date. 
Complex  resistivity  was  not  appropriate  for  three  of  the  four  study  sites. 

Thick  clay  was  present  at  the  fourth  site.  Tinker  AFB,  but  the  presence  of 
underground  pipelines  and  tanks  precluded  the  use  of  the  technique.  Aerial 
photography  would  have  been  used  at  all  the  sites  if  suitable  maps  and  histori¬ 
cal  information  had  not  been  available. 

C.  SOIL  GAS  TECHNIQUES 

1 .  Theory 

Soil  gas  samnling  and  analysis  are  available  commercially.  The  tech¬ 
nique  has  several  common  variations,  but  the  key  elements  are  the  collection  of 
a  sample  of  vapor  from  the  soil  and  the  detailed  analysis  of  the  sample  with  a 
gas  chromatograph  (GC)  for  key  compounds  which  indicate  the  presence  of  contam¬ 
inants.  The  theory  of  behavior  of  volatile  organic  compounds  (VOCs)  in  the 
subsurface  provides  a  basis  for  understanding  the  technique  more  completely. 

The  discussion  below  is  adapted  from  References  9  and  10. 

When  volatile  organic  compounds  are  present  in  the  subsurface,  either 
in  an  organic  liquid  phase  or  dissolved  in  ground  water,  several  processes, 
under  both  thermodynamic  and  kinetic  control,  can  take  place.  In  the  saturated 
tone,  the  VOCs  can  undergo  sorption  to  organic  matter  in  the  soil,  liquid  dif¬ 
fusion,  vertical  and  horizontal  mixing  due  to  dispersion,  biotransformations, 
and  chemical  reactions  (Reference  9).  In  the  unsaturated  zone,  the  vapors  from 
these  VOCs  can  undergo  gas-phase  diffusion,  vapor/sorption  equilibria,  vapor/ 
solution  equilibria,  biotransformations,  and  chemical  reactions.  In  the  inter¬ 
mediate  zone  or  capillary  fringe,  the  potential  for  any  of  the  above  processes 
can  exist.  By  definition,  the  capillary  fringe  is  fully  saturated.  The  water 
there  is  held  by  capillary  forces  or  soil  suction,  and  so  is  under  less  than 
atmospheric  pressure.  In  actuality,  heterogeneity  in  the  size  and  shape  of 
vadose  zone  materials  can  result  in  the  presence  of  adjacent  air-filled  and 
water-filled  channels  in  the  capillary  fringe. 

Although  many  processes  can  affect  volatile  organic  compounds  in  the 
subsurface,  the  list  of  processes  important  to  soil  gas  surveying  is  limited. 

To  detect  VOCs  in  soil  gases  above  contamination,  the  rate  of  introduction  of 
VOCs  into  the  soil  atmosphere  must  be  sufficient  to  maintain  a  measurable  VOC 
concentration  there.  That  will  occur  only  if  the  rate-limiting  step  in  vertical 
transport  of  VOCs  from  the  contamination  source  to  the  atmosphere  is  diffusion 
through  the  vadose  zone.  Under  these  conditions,  the  VOC  vapor  concentration 
above  the  capillary  fringe/vadose  zone  interface  will  be  at  a  concentration 
controlled  by  a  dynamic  vapor/solution  equilibrium,  while  VOC  concentration  in 
soil  gases  between  there  and  the  soil  surface  will  be  determined  by  the  rate  of 
diffusion  of  the  gases  through  the  soil  (Reference  9). 
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Pick's  Laws  describe  the  process  of  diffusion  (Reference  9);  these 
equations  have  been  modified  extensively  to  describe  diffusive  flow  through 
porous  media.  Pick's  Law  for  volatile  organic  compound  diffusion  in  air  through 
a  unit  area,  as  corrected  for  available  air-filled  pore  space  is 

mass  flow  =  -Dj,  P  (Cj  -  Cg)  /  2  (1) 

where  Dg  is  the  gas-phase  diffusion  coefficient,  P  is  the  air-filled  porosity. 

Cs  is  the  gas-phase  VOC  concentration  at  the  capillary  fringe.  Cg  is  the 
concentration  at  the  soil  surface,  and  Z  is  the  depth  from  the  surface  to  the 
capillary  fringe.  Millington  and  Quirk  have  derived  an  expression  based  on 
Pick's  Law  for  diffusion  of  gases  through  soils,  modified  for  the  tortuosity 
(nonlinearity)  of  diffusion  paths  through  porous  media  (Reference  9).  In  that 
description  of  diffusion  in  soils,  the  gas-phase  diffusion  coefficient,  Dg,  for 
the  diffusing  compound  is  modified  for  tortuosity  by  multiplying  it  by  P,  the 
air-filled  porosity  of  the  soil  raised  to  the  4/3  power.  Equation  1  modified 
for  tortuosity  becomes 

mass  flow  =  -Dg  P  p  -  Cg)  /  2  (2) 

for  dry  soil,  where  P  1/3  the  term  incorporated  to  describe  the  tortuosity 
of  porous  media.  Equation  2  predicts  a  linear  concentration  gradient  with  depth 
under  homogeneous  conditions.  A  strong  linear-depth-dependence  of  the  VOC 
concentration  in  soil  gas  has  been  observed  in  a  number  of  field  and  laboratory 
studies.  Ilonkinetic  factors,  such  as  equilibrium  sorption  on  soil,  are  not 
relevant  to  discussion  of  the  kinetically  controlled  VOC  concentrations  in  the 
vadose  zone  that  exist  when  soil  gas  surveying  is  applicable. 

The  volatile  organic  compound  concentration  gradient  between  the  atmos¬ 
phere  and  the  soil  gas  in  contact  with  the  capillary  fringe  is  the  driving 
force  for  the  vertical  transport  of  VOCs  through  diffusion.  The  concentration 
of  VOC  in  the  gas  phase  in  contact  with  the  capillary  fringe  is  dictated  by  a 
dynamic  equilibrium  between  the  dissolved  and  the  gas  phase  VOC.  The  physical- 
chemical  expression  which  describes  this  equilibrium  is  Henry's  Law  (Reference 
9).  The  Henry's  Law  constant  of  a  VOC  can  be  obtained  by  dividing  the  vapor 
pressure  of  the  pure  VOC  by  its  solubility  in  distilled  water.  The  relationship 
of  Henry's  Law  constants  to  the  likelihood  of  detecting  selected  compounds 
using  soil  gas  techniques  is  discussed  in  Section  V.  Henry's  Law  constants  for 
a  number  of  compounds  of  interest  are  provided  there.  However,  these  values 
should  only  be  used  for  guidance  on  the  relative  suitability  of  a  VOC  for 
detection  by  soil  gas  measurements.  This  is  because  conditions  encountered  in 
the  field  such  as  ambient  pressure,  organic  content  of  the  soil,  temperature, 
and  ionic  strength  of  the  water,  are  different  from  the  conditions  used  to 
determine  the  tabulated  values. 

Figure  1  shows  three  possible  volatile  organic  compound  concentration 
depth  profiles.  Unsaturated  zone  VOC  concentrations  vary  linearly  with  depth 
as  mentioned  in  the  discussion  of  Pick's  Law.  The  rate  of  change  of  the  profile 
depends  on  whether  the  flux  rate  is  limited  by  gaseous  diffusion  in  the  vadose 
zone  (Case  I)  or  by  dispersion  in  the  saturated  zone  (Case  3).  Case  2  shows 
intermediate  behavior.  In  Case  1,  the  rate  of  supply  of  the  VOC  of  interest 
due  to  saturated  zone  dispersion  is  very  high,  compared  to  the  rate  of  diffusion 
in  the  unsaturated  zone.  In  Case  3,  the  rate  of  supply  of  the  VOC  of  interest 
due  to  saturated  zone  dispersion  is  very  low,  conpared  to  the  rate  of  diffusion 
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Figure  1.  Predictions  of  Volatile  Organic  Compound  Concentration 
in  the  Subsurface  (adapted  from  References  9  and  10). 


in  the  unsaturated  zone.  Thus,  for  a  dispersion-limited  system  with  a  high 
unsaturated  zone  diffusion  rate  (as  shown  in  Case  3),  the  VOC  concentration  in 
the  soil  gas  can  be  very  low. 

2.  Overview  of  Techniques 

A  soil  gas  sample  can  be  obtained  in  a  nuiii)er  of  ways.  It  can  be 
removed  from  the  soil  by  inserting  a  probe  and  extracting  a  sample  under  vacuum 
with  a  syringe.  Probes  can  be  inserted  into  the  ground  with  hammers  or  hydrau¬ 
lic  rams,  reaching  depths  of  3  to  5  meters,  depending  on  soil  type  (References 
11  -  17).  Alternately,  a  sample  can  be  collected  by  burying  a  collector  with 
an  absorbent  such  as  activated  charcoal  (References  9  and  18).  After  allowing 
a  diffusion  time  which  ranges  from  hours  to  days,  the  collector  is  removed. 

Once  the  sample  is  collected,  it  is  analyzed,  using  a  gas  chromatograph, 
either  immediately  in  the  field  or  after  a  delay,  in  the  laboratory.  Laboratory 
analysis  is  more  time-consuming  because  of  the  additional  handling  required. 

The  real-time  analysis  allows  for  selectio.n  of  additional  sampling  locations  so 
that  contamination  can  be  mapped  more  completely  than  would  occur  if  the  same 
number  of  sample  points  were  used  in  a  regular  grid. 

The  detection  methods  used  for  analysis  of  soil  gas  samples  are  listed 
below.  For  comparison  purposes,  the  sensitivity  of  each  method  is  rated  rela¬ 
tive  to  that  of  the  flame  ionization  detector  in  terms  of  detectable  mass  flow 
rate  (References  17,  19,  and  20).  These  methods  include: 

•  Plane  ionization  detector  (FIO)  for  the  full  range  of  organic 
compounds:  can  detect  4  picograms  of  carbon  per  second: 

•  Electron  capture  detection  (ECO)  for  selective  detection  of  halo- 
genated  hydrocarbons;  can  detect  0.01  picograms  per  second  of  mater¬ 
ial,  which  depending  on  the  material  can  be  100  to  1000  tiroes  more 
sensitive  than  an  FIO;  it  is  more  sensitive  to  iodine-containing 
materials  than  similar  materials  with  chlorine  or  fluorine; 

•  Hall  Electrolytic  Conductivity  detector  (HECD)  for  the  specific 
detection  of  halogenated  species,  nitrogen  containing  organics,  or 
sulfur  containing  organics;  can  detect  0.5  picograms  chlorine  per 
second;  this  is  10  times  more  sensitive  than  an  FID,  and  10  times 
less  sensitive  than  an  ECO; 

•  Photoionization  detector  (PIO)  for  the  aromatic  hydrocarbons  and 
sulfur  species;  can  detect  10  to  100  picograms  per  second  of  aromatic 
material  or  50  to  100  picograms  per  second  of  polyaromatic  material, 
which  is  slightly  more  sensitive  than  an  HECD  or  FID;  and 

•  Flame  photometric  detector  (FPD)  for  sulfur  and  phosphorus  compounds; 
can  detect  1  picograra  per  second  of  phosphorous  or  100  picograms  per 
second  of  sulfur;  depending  on  the  material,  can  range  from  as 
sensitive  as  to  100  times  less  sensitive  than  an  FID. 

For  comparison,  the  mass  spectrometer  typically  used  in  laboratory  analyses  in 
combination  with  a  gas  chromatograph  is  as  sensitive  as  an  FID. 
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Sotne  initial  indication  of  contamination  can  be  obtained  with  a  commer¬ 
cially  available  organic  vapor  analyzer  (OVA)  but,  since  these  type  devices  do 
not  distinguish  between  hydrocarbons  and  chlorinated  solvents,  the  results  can 
be  confusing,  if  both  are  present.  In  addition,  these  devices  are  not  as 
sensitive  as  field  gas  chromatography.  Therefore,  contamination  may  not  be 
detected. 

Soil  gas  techniques  may  be  influenced  by  airborne  and  surface  VOCs, 
as  well  as  underground  VOCs,  thus, requiring  care  when  the  measurements  are 
performed.  Also,  permeability  variations  in  the  site  from  utility  corridors, 
clay  layers,  and  fractures  will  modify  the  soil  gas  results,  requiring  careful 
interpretation.  Driving  gas  sampling  probes  into  the  ground  to  depths  of  1  to 
3  meters  (3  to  9  feet)  provides  a  safety  hazard  because  the  probes  may  puncture 
underground  utilities  or  buried  drums  if  their  locations  are  not  precisely 
known.  Two  soil  gas  sampling  techniques  were  used  in  the  studies  at  the  bases. 
The  techniques  are  described  below. 

a.  Active  Soil  Gas  Sampling 

In  active  sampling,  a  hollow  pipe  is  driven  into  the  ground  to  a  pre¬ 
scribed  depth  and  soil  gases  are  pulled  through  it  to  the  surface.  The  sample 
is  then  analyzed  by  gas  chromatography  at  or  near  the  sampling  location.  This 
method  offers  the  benefit  of  immediate  results  as  the  survey  progresses,  an 
attractive  feature  which  allows  the  sampling  plan  to  be  changed  on  the  basis  of 
results.  In  addition,  preliminary  measurements  can  be  performed  to  allow 
investigators  to  optimize  certain  survey  parameters,  such  as  sampling  depth. 

An  additional  advantage  of  this  approach  is  the  presence  of  analytical  equip¬ 
ment,  to  perform  onsite  screening  of  soil  and  ground  water  samples.  The 
drawback  of  this  approach  is  that  it  requires  the  presence  of  sophisticated 
analytical  and  sampling  equipment.  The  presence  of  this  equipment,  a  specialist 
to  operate  and  maintain  it,  and  associated  support  systems  such  as  generators 
and  gases,  make  the  technology  somewhat  expensive.  This  technique  has  been 
used  successfully  at  a  large  number  of  sites. 

Active  soil  gas  investigations  were  conducted  at  a  variety  of  locations 
at  all  four  bases.  In  determining  the  extent  of  the  contaminated  areas,  the 
samples  were  analyzed  for  methane,  benzene,  ethyl  benzene,  toluene,  xylene, 
total  nonmethanc  hydrocarbons,  and  halogenated  organics.  The  contractor  used 
an  analytical  field  van,  equipped  with  two  Tracor  GCs  with  FIDs  and  two  comput¬ 
ing  integrators  for  real-time  sampling  and  analysis  of  the  soil  gas.  This  van 
was  also  equipped  with  a  specialized  hydraulic  ram  mechanism  used  to  drive  and 
withdraw  the  sampling  probes.  The  probes  consisted  of  2.1-meter  (7-foot) 
lengths  of  1.9-centimeter-diameter  (3/4-inch)  steel  pipes  fitted  with  detachable 
drive  points.  A  hydraulic  hammer  was  used  to  assist  in  driving  the  probes 
through  hard  soil. 

Soil  gas  samples  were  collected  from  depths  ranging  from  0.6  to  2.4 
meters  (2  to  8  feet)  in  the  ground.  The  key  features  are  shown  in  Figure  2. 

The  aboveground  ends  of  the  sampling  probes  were  fitted  with  a  steel  reducer 
and  a  length  of  polyethylene  tubing  leading  to  a  vacuum  pump.  Approximately  5 
to  10  liters  of  gas  were  evacuated  with  the  vacuum  pump,  to  assure  a  representa¬ 
tive  sample.  Samples  were  collected  by  inserting  a  syringe  needle  through  a 
silicone  rubber  segment,  just  above  the  reducer,  in  the  flowing  evacuation  line 
and  down  into  the  steel  probe.  Ten  milliliters  (mL)  of  soil  gas  were  collected 
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SILICONE  RUBBER 
TUBE  CONNECTION 
TO  VACUUM  PUMP 


DETACHABLE  DRIVE  POINT 


Figure  2.  Features  of  an  Active  Soil  Gas  Sampling  System. 
(Courtesy  of  Tracer  Research  Corporation) 
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for  Inxsedlate  analysis  with  one  of  the  GCs.  The  soil  gas  was  subsanpled  in 
volumes  ranging  from  1  microliter  (tiL)  to  2  ml,  depending  on  the  expected 
concentrations  of  volatiles.  The  syringe  needles  were  used  once  and  discarded; 
the  syringes  were  cleaned  and  baked  after  each  use.  Using  the  experiences  at 
the  four  bases  as  a  guide,  the  cost  for  soil  gas  sampling  and  analysis  for  50 
locations  in  one  area  is  17,500.  Thus,  the  cost  per  sample  location  is  approxi¬ 
mately  J150.  Features  of  active  soil  gas  sampling  are  summarized  in  Table  4. 

TABLE  4.  COMPARISOK  OF  SOIL  GAS  METHODS 


Active  Sampling  with  Gas  Passive  Badge  Sampling  with- 

Chromatograph  on  Site  Analysis  at  Laboratory 


Site  specific  inf.ormation,  such 
as  sampling  depth,  is  deter¬ 
mined  at  outset  of  study, 
within  1  to  2  hours 

Insertion  of  probes  to  depths  of 
2  to  3  meters  is  simple  in 
most  soils 

Analysis  of  samples  is  immediate, 
with  results  in  approximately 
one  hour 

Sacpling  plan  can  be  changed 
as  results  are  obtained, 
leading  to  fewer  sampling 
locations  overall 

One  sampling  and  analysis  effort 
is  usually  sufficient  to 
locate  and  map  contamination 


Sacpling  activity  at  a  specific 
location  is  completed  in 
approximately  one  hoar 


Complex  technology  and  skilled 
operators  may  not  be  available 


Cost  is  approximately  fl50  per 
sample 


A  calibration  study  is  needed 
before  full-scale  study,  to 
determine  optimum  sampling 
time  and  depth 

Insertion  of  samplers  at  depths 
greater  than  1  meter  is 
difficult 

Analysis  of  samples  is  delayed, 
by  shipping  and  laboratory 
holding  times 

Additional  sampling  sites  are 
selected  after  each  sampling 
and  analysis  cycle  is  complete 


At  least  two  sampling  and 
analysis  efforts  are  needed 
(calibration  study  and  full- 
scale  studies  as  appropriate) 

Samplers  icust  not  be  disturbed 
during  the  sampling  period 
typically  several  days  to  a 
week 

Field  personnel  need  minimal 
skill  to  install  and  remove 
samplers 

Cost  is  approximately  ^93  per 
sample 


13 


b.  Passivs  Soil  Gas  Sampling 

At  least  two  passive  soil  gas  sampling  techniques  are  in  use.  Each 
technique  uses  the  same  sampling  technique,  shallow  buria’  in  soil,  but  the 
collectors  and  analysis  are  different.  One  technique  uses  a  thin  ferromagnetic 
wire  coated  with  adsorbent  charcoal.  When  the  sample  is  returned  to  the  labor¬ 
atory,  the  wire  is  heated  in  a  vacuum  and  the  desorbed  compounds  are  analyzed 
by  Curie  point  mass  spectrometry  (Reference  18).  These  Petrex’"  samplers  cost 
$85  each  for  quantities  less  than  100  and  $75  for  quantities  greater  than  100. 
The  cost  of  the  samplers  includes  analysis  by  mass  spectrometry.  The  other 
technique  uses  commercially  available,  charcoal  adsorbent,  3M'*',  organic  vapor 
monitor  badges  originally  designed  to  be  worn  by  personnel  for  environmental 
health  and  safety  reasons  (Reference  9).  These  badges  cost  $7  to  $10  each, 
based  on  the  Quantity  purchased.  This  method  was  used  at  Robins  AF8  and  Tinker 
AFB  to  demonstrate  the  use  of  this  technique  in  sand  and  clay  geologic  environ¬ 
ments,  respectively. 

The  charcoal  adsorbent  passive  sample  relies  on  the  principle  of  diffusion 
to  create  a  VOC  mass  flow  onto  the  adsorbent.  The  VOCs  from  the  surrounding  air 
diffuse  to  the  collection  surface  in  response  to  a  concentration  gradient.  This 
collection  rate  is  a  function  of  the  diffusion  coefficient,  D,  of  the  VOC  of 
interest:  the  area.  A,  of  the  adsorbent  surface:  the  length,  d,  of  the  diffusion 
path;  the  ambient  concentration  of  VOCs  in  the  air,  Cj ;  and  the  VOC  concentra¬ 
tion  at  the  adsorbent  surface,  Cq.  If  the  charcoal  is  not  saturated,  the  con¬ 
centration  at  the  adsorbent  surface  will  be  zero;  thus  the  collection  rate,  n, 
is  equal  to  a  constant  unique  to  a  given  compound  and  sampler  (the  volume  of 
air  sampled  per  hour)  times  the  ambient  concentration,  i.e., 

m  =  0(A/d)Ci  (3) 

volumes  of  air  sampled  have  been  tabulated  by  compound  for  industrial  hygiene 
applications.  Solving  for  the  aniiient  concentration, 

Cj  =  m  (d  /  AD)  (4) 

This  type  sampler  has  a  known  response  to  a  broad  range  of  volatile  organic 
compounds  for  a  variety  of  temperatures,  relative  humidities,  and  concentrations 
(Reference  9). 

To  collect  a  soil  gas  sample,  the  badges  were  installed  in  sampling 
manifolds  constructed  from  clean,  0.95-liter  (1-quart)  aluminum  cans.  The 
sampler  and  manifold  are  depicted  in  Figure  3.  The  manifold-sampler  combina¬ 
tion  was  placed  in  a  shallow  hole  dug  into  the  ground,  covered  with  soil,  and 
left  in  place  for  a  set  time,  based  on  estimated  ambient  concentrations. 

Passive  samplers  should  generally  be  buried  at  least  0.6  meters  (2  feet)  below 
grade  to  minimize  the  effects  of  atmospheric  air  dilution  of  soil  gases.  The 
samplers  were  then  removed,  sealed,  and  returned  to  the  laboratory.  Hhen  using 
the  Petrex"* samplers,  the  installation  method  is  similar:  a  shallow  hole  is 
dug,  the  sampler,  an  open  test  tube  with  the  wire  and  charcoal  element  inside, 
is  placed  open-end-down  in  the  bottom  of  the  hole  and  the  soil  is  replaced  over 
it.  For  both  techniques,  the  rate  at  which  samplers  may  be  installed  depends 
on  the  hardness  of  the  soil  and  the  distance  between  san^jlers.  At  the  2-acre 
Tinker  AFB  study  area,  62  badges  were  installed  in  5  hours  in  hard  clay  soil  by 
one  person.  A  conservative  estimate  of  installation  time  is  30  samplers  per 
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Figure  3.  Passive  Soil  Gas  Sampling  Badge  and  Manifold 
(after  Reference  9). 


person  per  day.  The  tiire  to  remove  the  samplers  is  approximately  half  that  to 
install  them.  A  person  must  be  available  to  perform  the  badge  removals  when 
the  selected  sampling  period  is  over,  typically  several  days  to  a  week  after 
installation. 

At  the  EHSL-LV  laboratory,  the  VOCs  we-e  solvent-desorbed  and  the 
resulting  solution  was  analyzed  by  gas  chromatography.  The  procedures  used  are 
described  in  References  7,  8,  and  9.  The  estimated  cost  per  analysis  for  the 
charcoal  badges  is  $75  to  $100,  based  on  this  experience.  Analytical  services 
for  these  badges  are  offered  as  a  service  by  a  number  of  companies  at  costs 
ranging  from  $48  to  $58  depending  on  the  type  of  analysis  requested.  Analysis 
of  one  to  three  compounds  can  be  requested.  The  total  cost  for  using  badges 
will  be  higher  due  to  the  costs  of  the  badge  itself,  labor  to  install  and 
remove  the  badges,  and  shipping  to  the  laboratory. 

To  perform  a  full-scale  investigation  using  the  passive  soil  gas  tech¬ 
nique,  it  is  desirable  to  determine  an  optimum  exposure  time  and  depth  for  the 
study  area.  This  is  accomplished  by  performing  field  calibration  tests  to 
learn  whether  the  technique  can  be  used  with  confidence  to  detect  contamination 
at  a  site.  This  process  can  easily  use  30  badges  depending  on  the  complexity 
of  the  site,  i.e.,  2  depths  x  3  sampling  intervals  x  5  locations  ranging  from 
contaminated  to  uncontami rated. 

The  disadvantage  of  passive  samplers  is  that  delays  are  caused  by 
transport  and  analysis  at  the  laboratory.  To  be  assured  of  obtaining  complete 
information  about  a  site,  additional  samples  are  required,  compared  to  active 
sampling.  It  is  not  possible  to  alter  the  investigation  plan  in  progress  as 
data  become  available.  This  increases  the  costs. 

The  total  cost  per  badge  sample,  including  badge  ($1G  each),  labor  ($8 
each  using  $20  par  hour  hourly  rate),  and  analysis  ($75  each)  is  approximately 
$93.  The  comparable  cost  of  the  Petrex  TH  samplers  including  badge  and  analysis 
($85  each),  labor  ($8,  using  the  same  costs  as  above),  is  also  approximately 
$93.  Shipping  costs  and  field  calibration  testing  costs  are  not  included  in 
either  example  and  can  be  expected  to  increase  the  costs  further.  These  methods 
cost  approximately  $50  less  than  the  active  sampling  technique.  Features  of 
the  passive  sairoling  technique  are  listed  in  Table  4.  The  site  investigatO"- 
must  balance  these  reduced  costs  against  the  delays  and  the  additional  samples 
which  will  be  required  using  the  passive  techniques. 

0.  GEOPHYSICAL  TECHNIQUES 

1.  Introduction 

Geophysical  techniques  measure  a  variety  of  properties  of  the  earth 
(Reference  21).  For  example,  ground-penetrating  radar  is  a  reflection  technique 
using  high  frequency  electromagnetic  waves,  which  are  reflected  off  subsurface 
features.  Electromagnetic  induction  measures  the  electrical  conductivity  of 
the  subsurface  with  lower  frequency  electromagnetic  waves.  Direct  current 
resistivity  measures  subsurface  electrical  resistivity  which  is  related  to 
conductivity.  Seismic  refraction  involves  transmission  of  sound  waves  into  the 
ground.  Using  measurements  of  the  travel  tine  of  the  waves,  the  thicknesses 
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and  depths  of  geological  layers  can  be  established.  Hagnetometry  detects  anom¬ 
alies  in  the  earth's  magnetic  field  caused  by  ferrous  objects  such  as  iron  or 
steel.  These  techniques  can  be  used  for  defining  natural  geologic  features: 
locating  conductive  leachates  and  contaminant  plumes;  locating  buried  trenches 
and  locating  metal  objects.  This  section  briefly  reviews  the  characteristics 
of  these  methods. 

2.  Electromagnetic  Induction 

Electromagnetic  induction  is  a  geophysical  technique  that  is  readily 
available  conmercially  and  quickly  acquires  data  for  electrical  conductivity 
over  a  large  area.  Data  are  acquired  by  transmitting  a  signal  from  a  trans¬ 
mitter  coil  and  measuring  the  perturbation  in  the  signal  at  the  receiver  coil. 
The  perturbation  is  due  to  the  presence  of  nearby  conductive  materials  such  as 
metal  objects  and  the  earth,  and  is  proportional  to  the  conductivity  of  these 
materials.  A  conceptual  diagram  of  an  EM  system  is  provided  in  Figure  4. 

Depth  of  electromagnetic  penetration  is  a  function  of  coil  spacing,  signal 
frequency,  and  electrical  conductivity.  These  depths  are  typically  on  the 
order  of  meters  to  tens  of  meters  with  hand-held  instruments.  A  variety  of 
commercially  available  instruments  can  be  used  to  explore  different  depths, 
depending  on  the  conductivity  of  the  surface.  If  the  site  relief  i.e.,  change 
in  surface  elevation  across  the  study  sice,  is  greater  than  1  meter,  the  data, 
may  require  topographic  correction.  This  correction  accounts  for  the  changing 
distance  from  the  surface  of  the  earth  to  the  water  table,  which  is  a  conductive 
feature.  Ilearby  utilities,  gas  pipelines,  power  and  telephone  lines,  radio  and 
radar  transmitters,  and  metal  fences  and  debris  can  interfere  with  the  measure¬ 
ments.  Variations  on  an  electrical  conductivity  map  can  represent  changes  in 
porosity,  water  saturation  level,  salinity  of  the  ground  water,  or  the  presence 
of  clay  lenses.  Such  a  map  can  generalTy  illustrate  the  uniformity  of  a  site 
subsurface.  Basic  sources  of  information  about  EK  include  References  21  -  24. 

3.  Direct  Current  and  Complex  Resistivity 

Direct  current  resistivity  is  also  commercially  available.  The  dc 
resistivity  method  makes  physical  contact  with  the  earth  using  shallow 
(<0. 3-meter)  electrodes.  By  establishing  a  current  between  two  electrodes  and 
measuring  the  potential  difference  between  a  secor.:  set  of  electrodes,  the 
apparent  resistivity  of  the  earth  is  measured.  A  conceptual  diagram  of  a  dc 
resistivity  system  is  provided  in  Figure  5.  Interpretation  of  these  data  can 
indicate  various  layers,  which  may  correspond  to  the  depths  of  the  water  table, 
aquitards,  and  bedrock.  The  geometry  of  the  electrode  arrays  and  spacings 
determines  the  depth  of  investigation.  Increasing  the  electrode  spacing  samples 
a  greater  depth  and  volume  of  earth,  as  shown  in  Figure  6.  The  technique 
requires  more  time  than  EH  to  cover  a  given  area.  Resistivity  soundings, 
however,  can  give  more  detailed  depth  profiles  than  comnercially  available  EH 
methods.  The  technique  requires  topographic  correction  and  may  also  be  subject 
to  interference  from  utilities.  It  is  possible  to  perform  dc  resistivity 
measurements  without  interference  nearer  to  metal  objects  such  as  fences,  than 
EM  measurements  can  be  performed.  The  direct  current  resistivity  method  can  be 
used  with  a  single  spacing  or  a  series  of  spacings  (as  described  above  for  the 
EH  method)  for  profiling  and  mapping,  at  one  depth  or  a  series  of  depths.  Basic 
sources  of  information  about  dc  resistivity  include  References  21,  24,  and  25. 
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Figure  5.  Conceptual  Diagran  for  a  Direct  Current  Resistivity  System 
(adapted  from  Reference  21). 


Small 

Electrode  Spacing 


Large 

Electrode  Spacing 


Pi.  High 


P2.  Low 


Figure  6.  Increased  Electrode  Spacing  Samples  Greater  Depth  and 
Volume  of  Earth  (adapted  from  Reference  21). 
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Complex  resistivity  is  the  technique  of  nsasuring  resistivity  in 
both  magnitude  and  phase  as  a  function  of  frequency  (sometimes  called  induced 
polarization).  The  technique  requires  costly  equipment  and  more  time  than 
conventional  resistivity  and  is  thus  more  expensive.  However,  the  frequency- 
dependent  measurement  gives  information  about  active  chemical  processes  in  the 
earth  as  well  as  the  same  information  acquired  by  EH  or  conventional 
resistivity.  This  technique  has  shown  the  abilitj  to  detect  and  map  organic 
materials  in  the  presence  of  clay  by  mapping  clay-organic  reactions.  There  are 
few  available  commercial  sources  for  this  technique.  Basic  sources  of 
information  about  this  technique  include  References  4,  and  26  -  28. 

4.  Ground-Penetrating  Radar 

Ground-penetrating  radar  (GPR)  is  readily  available  cotanercially, 
rapidly  provides  very  high  spatial  resolution  over  a  large  area,  can  make 
useful  measurements  close  to  utilities,  but  is  more  expensive  than  D1  or  resis¬ 
tivity.  GPR  emits  electromagnetic  waves  at  frequencies  selected  in  the  range 
of  80  to  1000  megahertz.  The  wave  fronts  are  reflected  v;hen  they  encounter 
contrasts  in  the  dielectric  constant,  such  as  the  water  table,  bedrock,  and 
clay  layers.  This  type  system  is  shown  conceptually  in  Figure  7.  The  reflected 
waves  are  plotted  as  a  function  of  depth  and  topographic  correction  is  required. 
The  depth  of  penetration  is  controlled  by  the  intrinsic  conductivity  of  the 
earth,  the  amount  of  inhomogeneity  in  the  earth,  and  the  amount  of  clay  and 
water  present  (References  4,  and  29).  In  clay-free  sand  with  resistivity  above 
30  ohm-meters,  the  ground-penetrating  radar  can  map  bedding  and  stratigraphy, 
water  tables,  bedrock  interfaces,  and  other  features  with  dielectric  contrasts 
at  a  resolution  of  a  few  centimeters  to  depths  of  30  meters  (Reference  30). 

Five  to  10  weight  percent  montraril Ionite  clay  will  reduce  the  depth  of  pene¬ 
tration  to  less  than  one  meter.  As  dielectric  contrasts  do  exist  between  most 
earth  materials  and  many  organic  substances,  it  is  possible  to  detect  certain 
kinds  of  organics  with  ground-penetrating  radar (References  4,  31  and  32). 

Basic  information  cay  be  found  in  References  21  and  32. 

5.  Seismic  Techniques 

Seismic  compressional  and  shear  wave,  reflection  and  refraction  tech¬ 
niques  are  readily  available  commercially  and  can  be  used  to  determine  strati¬ 
graphic  and  lithologic  layer  thicknesses  and  depths.  Seismic  waves  in  the 
subsurface  travel  at  different  speeds  in  various  types  of  soil  and  rock  and  are 
refracted  and  reflected  (bent)  at  interfaces  between  layers.  Geophones  spaced 
at  intervals  on  the  surface  can  detect  these  waves:  from  this  information, 
travel  time  can  be  determined.  This  enables  the  nuitber  and  thickness  of  layers 
as  well  as  their  depth  and  the  seismic  velocity  of  each  layer,  to  be  determined 
also.  Topographic  correction  is  required.  A  conceptual  diagram  of  the  seismic 
refraction  technique  is  shown  in  Figure  8.  Seismic  refraction  works  if  each 
successively  deeper  layer  has  a  higher  propagation  velocity,  i.e.,  is  more 
dense.  Both  seismic  techniques  can  provide  information  at  great  depths,  but 
they  do  not  easily  provide  information  on  features  shallower  than  3  meters  (10 
feet).  Seismographs  and  geophones  are  commercially  available.  A  sledge  hammer 
striking  a  steel  plate  on  the  ground,  or  if  there  is  no  explosive  danger,  a 
specialized  shotgun  or  explosives,  are  examples  of  suitable  sources  of  seismic 
energy.  Any  nearby  loud  noise  source  such  as  a  busy  highway  or  construction 
may  interfere  with  the  survey.  Seismic  techniques  are  not  as  rapid  as  EH  and 
GPR.  The  seismic  techniques  work  best  in  competent  materials  and  perform  very 
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Figure  7.  Conceptual  Diagram  for  a  Ground-Penetrating  Radar  System 
(adapted  from  Reference  21). 
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Figure  8.  Conceptual  Diagram  of  a  Seismic  Refraction  System 
(adapted  from  Reference  21). 


poorly  in  loose  materials.  In  clay-free  sandy  soils,  GPR  will  work  better  than 
seismic  techniques  and  with  higher  resolution.  In  clay-bearing  soils,  seismic 
techniques  will  work  better  than  GPR.  Marine  seismic  techniques  are  useful  in 
mapping  stratigraphy  below  rivers  and  lakes.  As  there  are  no  acoustic  contrasts 
between  geological  materials  and  organic  contaminants,  seismic  techniques 
cannot  directly  map  organic  contamination.  Basic  information  on  seismic  tech¬ 
niques  is  in  References  21,  33,  and  34, 

6.  Magnetoroetry 

Kagnetometry  is  an  inexpensive,  readily  available  technique  which 
measures  the  intensity  of  the  earth's  magnetic  field.  The  presence  of  ferrous 
objects  such  as  iron  drums  creates  a  perturbation  in  the  local  strength  of  the 
earth's  magnetic  field.  The  change  in  the  strength  is  proportional  to  the  mass 
of  the  object.  Detection  of  these  ferrous  objects  depends  on  the  m.ass,  magnetic 
properties,  orientation,  and  depth  of  the  object;  the  intensity  and  direction 
of  the  earth's  magnetic  field;  and  the  sensitivity  of  the  magnetometer.  A 
conceptual  diagram  of  a  magnetometer  is  shown  in  Figure  9.  A  large  number  of 
magnetometers  are  available  commercially;  two  common  types  are  the  fluxgate  and 
proton  magnetometers.  The  fluxgate  measures  a  component  of  the  magnetic  field 
and  the  proton  magnetometer  measures  the  total  magnetic  field.  Magnetic  field 
measurements  can  be  made  in  two  ways;  the  magnetic  field  can  be  measured,  or  a 
difference,  or  gradient,  can  be  determined  between  two  different  points.  Total 
field  measurements  are  more  sensitive  but  are  also  more  susceptible  to  noise 
than  the  gradient  measurements  (Reference  21).  Cultural  features  such  as 
buried  pipes;  metal  buildings;  and  magnetic  properties  of  the  soil  may  inter¬ 
fere  with  the  measurements.  According  to  Reference  18,  this  technique  can 
detect  buried  drums,  define  boundaries  of  trenches  filled  with  drums  or  other 
steel  objects;  and  locate  iron  pipes  or  tanks.  Basic  information  about  these 
techniques  can  be  obtained  from  References  21  and  35. 

7.  Detection  of  Organic  Contamination 

A  number  of  physical  mechanisms  can  make  the  detection  of  organics 
by  geophysical  techniques  possible.  For  example,  in  most  near-surface  rocks, 
the  dominant  electrical  conduction  mechanism  of  current  is  through  the  water  in 
the  pore  spaces  of  the  formation.  If  the  electrolyte  is  replaced  by  a  high 
resistivity  fluid,  such  as  a  petroleum  hydrocarbon,  the  resistivity  of  the 
formation  may  increase.  However,  the  presence  of  clay  minerals  and  buried 
metallic  objects,  such  as  pipes,  can  also  significantly  alter  the  electrical 
resistivity  of  the  subsurface.  These  provide  competing  mechanisms  to  the 
conduction  through  the  pore  space.  One  of  the  objectives  of  the  studies  at 
Holloman  and  Robins  AFBs  was  to  determine  whether  any  change  in  resistivity  due 
to  the  presence  of  gasoline  or  JP-4  was  detectable  over  manmade  or  naturally 
occuring  conditions,  such  as  changes  in  the  porosity,  saturation  level,  the 
presence  of  clay  minerals,  or  buried  metallic  objects.  For  these  studies,  EM 
and  dc  resistivity  measurements  were  performed.  Other  techniques  which  may 
be  of  use  for  locating  subsurface  organics  are  ground-penetrating  radar  and 
complex  resistivity. 

The  remainder  of  this  section  on  ground-penetrating  radar  and  complex 
resistivity  is  adapted  from  Reference  4,  written  by  Dr.  Gary  Olhoeft,  a  merber 
of  the  panel  of  experts.  Ground-penetrating  radar  uses  the  propagation  of 
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Figure  9.  Conceptual  Diagram  for  a  Magnetometer 
(adapted  from  Reference  21). 
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electromagnetic  energy;  thus,  it  is  sensitive  to  relative  dielectric  permit¬ 
tivity  as  well  as  the  electrical  conductivity.  Whereas  the  electrical  conduc¬ 
tivity  is  more  sensitive  to  the  presence  of  inorganics  thar  organics,  the 
dielectric  permittivity  is  more  sensitive  to  organics  than  inorganics.  Ground 
penetrating  radar  has  the  advantage  that  depth  resolution  is  controlled  by  the 
frequency  of  measurement  and  is  constant  with  depth,  whereas  EH  for  example, 
has  poorer  resolution  with  increasing  depth.  Organic  materials  have  relative 
dielectric  permittivities  that  range  from  2  to  over  40,  according  to  Reference 
36.  Adding  organics  to  clay  may  produce  no  effect  or  a  large  effect,  depeiidir' 
on  whetlier  or  not  the  two  react.  As  GPR  cannot  penetrate  clay,  it  cannot  see 
any  effect  unless  the  organics  ccat  the  clay  and  destroy  the  clay-water  inter¬ 
action  without  adding  a  new  clay-organic  reaction.  In  this  latter  case,  GPR 
may  map  clay-organic  processes  much  like  complex  resistivity.  In  one  example 
cited,  a  hydrocarbon  plume  was  detected  directly  by  the  GPR  as  the  change  in 
contrast  between  the  dielectric  permittivity  of  sand  and  water  compared  to  the 
lack  of  contrast  between  sand  and  oil.  In  another  example,  the  plume  was 
inferred  by  an  indirect  change  due  to  a  soil -organic  reaction.  GPP.  is  tnost 
sensitive  to  changes  in  dielectric  properties  in  the  unsaturated  zone  down  to 
ana  at  the  water  table.  Below  the  water  table,  GPR  cannot  see  changes  caused 
by  water-soluble  organics  directly,  but  may  infer  their  presence  from  changes 
caused  by  the  organics.  Of  course,  GPR  is  equally  effective  in  mapping  geology 
above  or  below  the  water  table. 

Complex  resistivity,  sometimes  called  induced  polarization,  acquires 
the  same  information  as  the  other  methods  of  measuring  electrical  conductivity, 
but  also  measures  the  frequency  dtpandence  of  the  electrical  properties  in 
terms  of  magnitude  and  phase  (Reference  26).  The  added  information  relates  to 
the  chemical  activity  in  the  earth  such  as  chemical  reactions  between  organic 
contaminants  and  clay  particles,  and  directly  measures  the  presence  of  active 
chemical  processes  (Reference  28).  Generally,  higher  phase  and  nonlinearity 
(References  28  and  37)  indicate  greater  chemical  activity.  Inorganic  process 
of  oxidation-reduction  and  of  cation  exchange  may  be  quantitatively  observed 
w’th  complex  resistivity.  Organic  electrochemistry  (Reference  38)  suggests  a 
variety  of  organic  processes  that  may  be  observable  with  complex  resistivity. 

To  date,  only  those  processes  involving  reactions  between  organics  and  clay 
minerals  have  been  observed  both  in  the  laboratory  and  at  hazardous  waste 
sites.  In  one  example  cited,  the  inhibition  of  the  nnrmal  montmoril Ionite 
cation  exchange  process  by  the  organics  allowed  mapping  of  the  organic  plume  by 
complex  resistivity  (Reference  29). 

Since  the  complex  resistivity  requires  clay  to  map  organics  through 
clay  organic  reactions,  and  clay  severely  restricts  the  penetration  of  the 
ground-penetrating  radar,  the  two  techniques  are  coroplehsntary.  Further,  for 
hydrogeological  information,  GPR  and  seismic  methods  are  complementary  because 
increased  clay  content  in  loose  and  sandy  soils  improves  seismic  methods. 
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SECTIOH  IV 


FIELD  IMVESTIGATIONS 


A.  IKTRODUCTIOS 

This  section  presents  highlights  o*  the  field  investigations  performed  at 
Holloman  AFB,  Robins  AFB.  and  Tinker  AFB.  The  higi-iights  focus  on  results  of 
the  performance  rf  soil  gas  and  geophysical  measurements  for  detecting  organic 
contaminants.  The  results  are  suB!nari2ed  in  Table  5;  the  more  detailed  discus¬ 
sions  presented  in  Appendixes  A,  3,  and  C  are  excerpts  from  the  individual  site 
reports.  To  construct  the  table,  the  site  of  most  interest  was  selected  for 
each  base.  Methods  used  to  investigate  the  site  were  listed  along  with  a  brief 
suimary  of  the  result.  These  results  are  discussed  further  below. 

B.  Discussion  OF  SOIL  GAS  RESULTS 

Comparisons  of  soil  gas  and  ground  water  measurements  were  made  at  three 
bases.  The  site  conditions  and  results  of  comparisons  of  soil  gas  results  to 
ground  water  data  are  surmarized  in  Table  6.  Although  the  site  conditions 
included  marine  sand,  clay,  mixed  sand  and  clay,  and  a  variety  of  contaminants, 
the  sites  represent  a  limited  set  of  situations.  Because  of  the  wide  variety 
of  contaminant  and  geological  conditions  possible,  the  conclusions  should  be 
extended  to  other  sites  with  care.  Some  of  the  more  generally  applicable 
conclusions  are  summarized  below. 

The  comparison  portion  of  Table  6  provides  the  results  from  active  and 
passive  soil  gas  and  ground  water  sampling  conducted  at  three  bases.  For  each 
site,  soil  gas  measurements  nearest  to  ground  water  sampling  locations  were 
selected.  Distances  between  the  points  of  comparison  ranged  from  a  maximum  of 
15  meters  (50  feet)  at  Holloman  AFB  to  6  meters  (2D  feet)  at  Robins  AFB,  and 
1.2  meters  (4  feet)  at  Tinker  AFB.  The  values  were  compared  qualitatively  by 
classifying  the  concentrations  as  background  or  above  background.  The  cases 
for  which  the  classifications  of  the  soil  gas  and  ground  water  data  agreed  were 
counted  and  presented  as  a  ratio  to  the  total  number  of  cases.  For  example,  at 
Holloman  AFB,  active  soil  gas  sampling  results  agreed  with  ground  water  sampling 
results  for  3  of  the  12  comparisons.  These  results  are  discussed  in  more 
detail  below. 

1.  Active  Soil  Gas  Sampling 

The  active  soil  gas  sampling  technique  was  generally  successful  at  all 
bases  in  delineating  contamination  in  the  same  areas  as  indicated  by  the  ground 
water  data.  Paired  soil  gas  and  ground  water  samples  showed  agreement  at 
approximately  75  percent  of  the  locations.  This  percentage  might  have  been 
ii^iroved  if  the  soil  gas  sampling  locations  had  been  closer  to  the  ground  water 
sampling  locations.  For  example  at  Holloman  AFB,  the  boundary  of  the  contami¬ 
nation  was  very  distinct.  In  one  case  when  the  soil  gas  and  ground  water  data 
did  not  agree,  this  appeared  to  be  because  the  well  was  within  the  contannnation 
while  the  soil  gas  sampling  location  was  not.  However,  other  examples  occur 
when  lack  of  proximity  does  not  explain  the  disagreement  between  ‘he  results. 
This  also  seemed  to  be  trua  for  the  other  bases.  In  these  cases,  'he  differ¬ 
ences  are  attributed  to  local  inhoroogenieties.  It  is  important  to  -ely  on  the 
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TABLE  5.  KEY  RESULTS  FROM  THE  SITE  INVESTIGATIOHS. 


Base,  site,  and 
contaminants 

Method 

Comment 

Holloman  AFB, 

BX  Service 
Station, 

Gasoline 

Active  soil  gas  sampling 

Compares  favorably  with  ground 
water  data.  Demonstrates  move¬ 
ment  of  contaminants  along 
utility  corridors. 

EM,  dc  resistivity 

Do  not  detect  organics  because 
of  natural  variability  in  soil 
resistivity.  Culture  limited 
extent  of  survey. 

Robins  AFB, 

JP-«  Spin, 

.•‘-4 

Active  soil  gas  sampling 

Compares  favorably  with  ground 
water  data  in  spite  of  20-year 
age  of  spill.  Demonstrates 
importance  of  depth  of  sampling. 

Passive  soil  gas  sampling 

Preliminary  test  has  mixed  i 

results  compared  to  ground 
water  data. 

EM,  dc  resistivity 

Do  not  detect  organics  because 
of  natural  variability  in  soil 
resistivity  due  to  rainfall 
effects  and  culture.  Base  radar 
interferes  with  EH-34  measure¬ 
ments. 

Tinker  AFB, 

Fuel  Farm 

290.  JP-4 

Active  soil  gas  sampling 

Compares  favorably  with  ground 
water  data;  technique  effective 
in  clay  soil. 

Passive  soil  gas  sampling 

Preliminary  test  has  mixed 
results  compared  to  ground 
water  data.  Technique  may  be 
responding  to  surface  contami¬ 
nation  at  times. 

EH,  dc  resistivity, 
complex  resistivity 

Were  not  attempted  because  of 
high  density  of  buried  pipes  and 

tanks,  and  fences  and  pipes  on 
surface. 
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TABLE  6.  STUDY  SITE  AND  CONTAMINANT  CHARACTERISTICS;  COMPARISON  OF  SOIL  GAS 
AND  GROUND  HATER  DATA. 


Depth  to  _ Comparison _ 

Age  ground  water  Active  Passive 

Base  Contaminant,  (years)  Soil  type  feet  meters  agree/total  agree/total 


Holloman 

Gasoline 

4 

sand/cl  ay 

6 

2.0 

8/12 

not  avcil- 
able 

Robins 

JP-4 

2C 

sand 

6 

2.0 

C-/3 

6/9a 

Tinker 

OP-4 

unknown 

clay 

3 

2.6 

9/12 

b/12 

aThese  results  for  Robins  AFB  use  the  data  for  exposure  times  of  3  days. 

The  3-day  exposure  times  provided  more  consistent  results  than  the  shorter  tires 
of  1  and  2  days. 


overall  pattern  indicated  by  the  active  soil  gas  data,  rather  than  on  single 
values  in  determining  the  location  of  the  contamination. 

The  depth  of  sanaling  can  be  very  important,  as  shown  by  the  results  at 
Robins  AFB.  At  this  base,  initial  sampling  at  1  meter  revealed  very  little 
contamination,  as  shown  in  Figure  10,  while  additional  sampling  at  2  meters 
located  significant  concami nation,  as  shown  in  Figure  11.  It  is  important  to 
perform  depth  profiles  at  a  number  of  locations  at  the  beginning  of  a  study, 
preferably  at  several  locations  known  to  be  contaminated,  to  select  the  sampling 
depth. 


The  real-time  nature  of  the  active  soil  gas  sampling  was  a  significant 
factor  in  the  success  of  the  investigations  at  each  of  the  bases.  As  mentioned 
above,  at  Robins  AFB  it  allowed  an  immediate  change  to  a  greater  sampling  depth 
when  discrepancies  were  discovered.  The  availability  of  results  soon  after 
samples  were  collected  offered  the  opportunity  to  choose  san^ling  locations  and 
depths  based  on  the  best  information  available. 

.'.t  Tinker  AFB,  the  active  soil  gas  technique  did  not  appear  to  be 
affected  by  the  presence  of  clay  except  at  a  few  locations.  It  was  possible 
to  determine  when  the  probe  was  inserted  into  impermeable  clay  by  using  the 
value  of  vacuum  necessary  to  extract  a  S3r.q>le  as  a  criterion  and  adjusting  the 
sampling  depth  to  avoid  the  impermeable  area.  In  some  cases,  it  was  not  pos¬ 
sible  to  avoid  the  impermeable  area  and  the  sampling  location  was  changed.  The 
original  expectation  was  that  the  soil  gas  technique  would  not  work  well  in 
clay.  However,  in  this  instance,  the  active  technique  performed  well,  appar¬ 
ently  because  the  permeability  of  the  clay  was  adequate  for  soil  gas  sampling 
at  many  locations. 

Ground  water  samples  were  collected  from  existing  wells  at  three  bases. 
Additional  ground  water  samples  also  were  collected  from  soil  gas  probes.  The 
use  of  the  soil  gas  probe  for  collecting  ground  water  samples  proved  effective 
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in  timely  confirmation  of  the  soil  gas  results.  This  approach  is  not  a  sub¬ 
stitute  for  the  standard  procedure  of  installing  and  sampling  wells,  but  has 
its  place  in  field  survey  activities  when  delineating  the  extent  of  the  contam¬ 
ination  is  the  goal.  This  approach  may  not  work  when  the  soil  is  very  hard,  or 
when  the  depth  to  ground  water  is  greater  than  approximately  3  meters  (10  feet). 

2.  Passive  Soil  Gas  Sampling 

Two  of  the  sites  investigated  with  active  soil  gas  techniques  were  also 
investigated  using  passive  techniques.  At  these  sites,  only  preliminary  tests 
were  performed.  The  purpose  of  these  tests  was  to  determine  the  feasibility  of 
mapping  the  contamination  at  these  sites  and  to  select  the  best  exposure  times 
for  the  badges.  Performing  this  type  test  with  the  badges  is  very  important: 
an  incorrectly  chosen  exposure  time  which  is  too  short  can  indicate  an  area  is 
uncontaminated  when  contamination  is  present.  For  example,  for  the  exposure 
times  used  at  Robins  AFB,  the  contaminated  zone  was  successfully  identified  one 
out  of  two  times  for  a  1-day  exposure  and  two  out  of  three  times  for  a  2-day 
exposure  compared  to  three  out  of  three  times  for  a  3-day  exposure.  This 
emphasizes  the  importance  of  carefully  selecting  an  exposure  time.  Over¬ 
exposure  of  the  badges  may  result  in  saturation  of  the  sorbent  which  would  mask 
any  relative  differences  in  soil  gas  contamination  at  the  various  sampling 
locations. 

The  passive  soil  gas  san^ling  badge  data  showed  varying  degrees  of 
success  in  qualitative  comparisons  with  ground  water  data.  For  the  longest 
exposure  time  of  3  days  at  Robins  AFB,  the  badges  successfully  indicated  one 
area  as  contaminated  and  one  area  as  uncontaminated.  These  results  were  consis¬ 
tent  with  the  ground  water  data.  A  third  area  of  intermediate  contamination 
was  not  detected  by  the  badges.  The  location  assumed  to  have  intermediate 
contamination  nay  have  been  outside  the  zone  of  ground  water  contamination  and 
influenced  by  lateral  diffusion  of  VOCs.  At  Tinker  AFB,  the  badge  data  matched 
the  ground  water  data  for  5  out  of  12  cases.  In  some  of  these  cases,  the 
badges  may  have  been  responding  to  near-surface  contamination,  rather  than  the 
ground  water  contamination.  These  data  suggest  that  the  depth  of  sampling  may 
be  as  important  to  passive  sampling  as  it  is  for  active  sampling.  Overall,  the 
data  from  passive  soil  gas  sampling  with  badges  showed  less  agreement  with 
ground  water  data  than  the  active  soil  gas  method. 

The  choice  of  which  soil  gas  technique  to  choose  depends  on  the  nature 
of  the  investigation.  At  this  time,  a  number  of  questions  and  issues  need 
further  study  before  the  passive  soil  gas  method  should  be  used  widely.  Because 
of  its  lower  cost,  this  technique  may  be  useful  for  some  sites.  The  issue  of 
greatest  concern  is  understanding  the  conditions  in  which  the  passive  badge 
technique  does  not  detect  existing  ground  water  contamination.  The  use  of  a 
preliminary  survey  to  establish  exposure  times,  sampling  depths,  and  gain 
confidence  in  the  use  of  this  technique  at  a  specific  site  is  essential. 

Passive  samplers  generally  should  be  buried  at  least  0.6  meters  (2  feet)  below 
grade  to  minimize  the  effects  of  atmospheric  air  dilution  of  soil  gases. 

As  indicated  by  the  results  from  the  various  sites,  the  active  soil  gas 
and  ground  water  data  show  generally  good  agreement.  For  this  reason,  the 
active  soil  gas  method  is  recommended  for  routine  use.  Depth  profiles  should 
be  used  at  the  beginning  of  a  study  to  determine  optimum  sampling  depth.  In  a 
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clay  environrent.  consideration  should  be  given  to  using  vacuum  values  as  a 
criterion  for  assessing  the  validity  and  representative  nature  of  samples. 
Moisture  and  organic  carbon  content  of  soils  can  also  affect  the  predictive 
capability  of  soil  gas  techniques  even  if  field  sampling  can  be  performed 
without  diPiculty. 

C.  GEOPHYSICAL  RESULTS 

A  number  of  limited  geophysical  studies  were  conducted  for  the  direct 
detection  of  subsurface  hydrocarbon  contamination.  At  Tinker  AFB,  the  amount 
of  cultural  interference  from  tanks  and  pipelines  was  so  great  that  geophysical 
surveys  were  not  attempted. 

Direct  current  resistivity  and  shallow  EM  surveys  were  conducted  at  Holloman 
and  Robins  AFBs.  These  methods  were  not  successful  at  either  base  for  the 
direct  detection  of  subsurface  hydrocarbon  contamination.  At  Holloman  AFB, 
resistivity  anomalies  due  to  the  presence  of  substantial  gasoline  contamination 
could  not  be  distinguished  from  the  naturally  occurring  resistivity  variations 
in  the  soil  of  the  area.  At  Robins  AFB,  where  substantial  JP-4  contamination 
was  present,  no  resistivity  anomalies  in  either  the  dc  resistivity  or  EM  results 
could  be  distinguished  from  the  natural  background  resistivity  variations  in 
the  area.  A  change  in  the  near-surface  resistivity  properties  due  to  recent 
rainfall  further  tended  to  complicate  and  mask  any  detection.  In  Reference  39, 
the  resistivity  anomalies  attributed  to  the  hydrocarbon  contamination  are  rep¬ 
resented  by  decreases  in  conductivity  on  the  order  of  30  to  50  percent  from 
background  values.  It  may  be  difficult  to  separate  a  signal  of  this  magnitude 
from  background  variations  in  many  circumstances.  For  example  at  Robins  AFB, 
background  conductivities  were  low,  approximately  3  to  5  millimhos.  The  mea¬ 
surements  performed  did  not  have  the  sensitivity  to  separate  relative  changes 
on  the  order  of  1  to  2  millimhos  from  the  background  variation. 

Based  on  this  experience  and  the  results  of  two  cases  reported  in  the  liter¬ 
ature  (References  39  and  40),  the  dc  resistivity  or  EH  measurements  for  detec¬ 
tion  of  subsurface  hydrocarbons  appear  to  be  subtle  techniques  which  depend  on 
a  thorough  understanding  of  background  information  such  as  near-surface  geology 
and  potential  interferences,  the  skill  of  the  instrument  operator,  and  may  depend 
on  the  length  of  tine  the  spill  has  been  present.  These  uncertainties  do  not 
preclude  the  use  of  these  techniques  for  site  characterization  to 
obtain  basic  information  on  the  electrical  resistivity  properties  of  an  area. 

GPR  was  not  used  in  the  current  studies.  However,  other  reports  and  studies 
described  in  Reference  4  indicate  that  direct  detection  of  subsurface  hydro¬ 
carbon  contamination  by  GPR  surveys  has  been  successful.  The  use  of  GPR  is 
limited  to  sites  that  are  relatively  clay-free  and  that  have  resistivities 
greater  than  about  30  ohm  meters.  The  use  of  initial  reconnaissance  EH  surveys 
can  help  define  whether  a  GPR  survey  should  be  attempted  at  a  site.  Based  upon 
the  results  of  the  present  surveys,  a  GPR  survey  is  recommended  as  the  next 
phase  of  investigation  at  Robins  AFB. 

When  clays  are  present  at  a  site  and  the  resistivities  are  less  than  30  ohm 
meters,  an  emerging  technology  involving  complex  resistivity  appears  to  have 
some  potential  for  the  direct  detection  of  subsurface  organic  contamination 
(Reference  4).  At  the  present  time,  further  research  is  needed  to  fully  eval¬ 
uate  the  complex  resistivity  method. 
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SECTION  V 


GENERAL  CONSIDERATIONS  FOR  SITE  INVESTIGATIONS 


A.  INTRODUCTION 

This  section  describes  broad  and  general  considerations  for  a  site  investi¬ 
gation.  The  role  of  a  conceptual  node!  and  the  types  of  technical  concerns 
which  should  be  considered  are  addressed.  Following  these  general  guidelines, 
nine  examples  are  presented  to  illustrate  the  capabilities  of  the  various 
techniques;  references  to  actual  cases  are  provided. 

The  section,  except  for  subsections  B,  F,  K  and  Table  7,  was  adapted 
from  materials  provided  by  Dr.  John  Cherry,  a  member  of  the  panel  of  experts 
listed  in  Section  II.  Subsection  B  was  adapted  from  materials  provided  by 
Dr.  Donn  L.  Harrin,  also  a  member  of  the  panel  of  experts.  Subsection  F  was 
adapted  from  materials  provided  by  Dr.  Gary  Robbins,  another  member  of  the 
panel.  Subsection  K  was  initially  developed  during  discussions  by  the  panel, 
but  is  presented  in  an  amplified  form  which  was  first  documented  as  Reference 
41. 


B.  CATEGORIES  Or  ORGANIC  COMPOUNDS 

The  type  of  organic  compounds  present  at  a  site  with  subsurface  contami¬ 
nation  will  determine  how  an  investigation  is  to  be  conducted  and  whether  the 
various  techniques  are  likely  to  be  successful.  For  convenience,  the  organic 
contaminants  have  been  categorized  into  groups  which  have  similar  physical 
properties,  i.e.,  aqueous  solubility,  density,  and  Henry’s  Law  constants. 

The  group  designations  will  be  used  in  discussions  in  this  section  and  in 
Saction  VI.  Figure  12  shows  the  vapor  pressure  and  Henry's  Law  constant  for 
example  compounds  in  each  of  the  groups. 

Group  A:  Haloqenated  Methanes,  Ethanes,  and  Ethanes 

These  corpounds  include  chloroform,  carbon  tetrachloride,  tri- 
chlorofluoromethane  (Freon-11),  1,1,1-trichloroethane  (TCA),  1,2-dibromoethane 
(EOS),  vinyl  chloride,  and  trichloroethane  (TCE).  Group  A  generally  represents 
halogenated  organic  ccraoounds  with  vapor  pressures  greater  than  1  kPa  and 
Henry's  Law  constants  greater  than  0.1  kPa  m^/mol. 

Group  B :  Haloqenated  Propanes.  Propenes,  and  Benzenes 

These  compounds  include  l,2-dibromo-3-chloropropane  (DBCP), 
1,2-dichloropropane,  1,3-dichloro-l-propene,  chlorobenzene,  and  trichlorobenzene. 
Group  B  generally  represents  halogenated  organic  compounds  with  vapor  pressures 
in  the  narrow  range  of  0.1  to  1  kPa. 

Group  C;  Haloqenated  Polycyclic  Aromatics 

These  compounds  include  polychlorinated  biphenyls  (PCBs)  and 
organochlorine  pesticides  such  as  aldrin,  chlordane,  heptachlor,  and  dichloro- 
di phenyl -trichloroethane  (DOT).  Group  C  generally  represents  compounds  with 
vapor  pressures  less  than  0.1  kPa. 
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HCIffiT'S  CONSTJINT  lU-i-ra'  /nol) 


Figure  12-  Vapor  Pressure  and  Henry's  Law  Constant 
for  Example  Compounds  in  Each  Group. 


Group  0:  Ci-Ca  Petroleun  Hydrocarbons 

These  con^jounds  include  benzene,  toluene,  xylene  isomers,  methane, 
pentane,  cyclohexane,  isooctane,  and  complex  products  such  as  gasoline  and 
JP-4.  Group  0  generally  reoresents  petroleum  hydrocarbon  compounds  with  vapor 
pressures  greater  than  1  kPa  and  Henry's  Law  constants  greater  than  0.1  kPa 
n^/mol,  which  is  similar  to  Group  A. 

Group  E:  Cq-Ci?  Petroleum  Hydrocarbons 

These  compounds  include  trimethylbenzene,  tetramethylbenzene, 
napthalene,  di methyl napthalene,  nonane,  decane,  and  complex  products  such  as 
diesel  and  Jet  A  fuels.  Group  E  generally  represents  long-chain  petroleum 
hydrocarbon  compounds  with  vapor  pressures  in  the  narrow  range  of  0.1  to  1  kPa. 

Group  F;  Polycyclic  Aromatic  Hydrocarbons 

These  compounds  include  anthracene,  benzopyrene,  fluoranthene, 
benzofluorene,  chrysene  and  complex  products  such  as  motor  oils  and  coal  tars. 
Group  F  generally  represents  cospounds  with  vapor  pressures  less  than  0.1  kPa. 

Group  G:  Low  Molecular  H'n'qht  Oxygenated  Compounds 

These  compounds  'nclude  acetone,  ethanol,  formaldehyde,  methyl - 
ethylketone,  tetrahydrofuran,  and  epichlorohydrin.  Group  G  generally  represents 
compounds  with  vapor  pressures  greater  than  1  kPa  and  Henry's  Law  constants 
less  than  0.01  kPa  m^/mol. 

C.  COtfCEPTUALIZIHG  THE  PR08',.Et! 

The  first  step  in  any  site  investigation  is  conceptualizing  the  problem. 

To  do  this  to  a  useful  degree,  some  information  must  be  available  on  the  nature 
of  the  contaminant  source  and  on  the  hydrogeology  of  the  site.  Useful  informa¬ 
tion  on  these  topics  is  nearly  always  available  before  a  site  investigation 
begins,  therefore,  it  is  nearly  always  possible  to  develop  a  useful  conceptual¬ 
ization  before  drilling  programs  and  monitoring  networks  are  designed.  For  the 
conceptualization,  it  is  desirable  to  know  if  the  source  of  contamination  has 
organic  floaters  or  organic  sinkers  (i.e.,  halogenated  organic  liquids)  or 
simply  miscible  contaminant  source  liquids.  Table  7  lists  the  density  and 
aqueous  solubility  of  common  organic  contaminants  and  classifies  those  which 
are  insoluble,  i.e.,  have  an  aqueous  solubility  of  less  than  2  percent,  and  are 
less  dense  than  water  as  "floaters"  and  those  which  are  insoluble  and  more  dense 
than  water  as  "sinkers."  Those  which  are  soluble  in  water  are  termed  "mixers." 

The  presence,  or  possible  presence,  of  organic  sinkers  is  a  particularly 
important  issue  requiring  attention  in  the  conceptualization  because  the  organic 
liquids  can  sink  deep  into  aquifers  along  pathways  usually  controlled  by  geo¬ 
logic  features.  The  sinking  and  final  position  are  rarely  influenced  much  by 
the  rate  and  direction  of  ground  water  flow  at  the  site.  If  it  is  known  or 
suspected  that  halogenated  solvents  were  either  used  on  the  site  property  or 
disposed  of  on  the  site  property,  a  significant  mass  of  the  solvent  may  exist 
in  pockets  or  pools  at  some  depth  beneath  the  property.  The  pockets  or  pools 
may  be  the  long-term  cause  of  ground  water  contamination.  Depending  on  the 
depth  at  which  they  are  located,  the  pockets  or  pools  nay  control  the  depth  and 
extent  of  contaminant  plumes  emanating  from  the  site. 
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TABLE  7.  CLASSIFICATION  OF  COmOH  ORGANIC  CONTAMINANTS. 


Aqueous 

Nane  solubility  Density  Classification 

ng/L  g/nL 


.  GROUP  A 


Chloroform 

CHCI3 

2983  a 

1.4832 

sinker 

Carbon 

Tetrachloride 

CCI4 

146  a 

1.5940 

sinker 

1,1,2  Trichloro- 
ethane,  TCA 

4527  a 

1.4714 

sinker 

Vinyl  Chloride 

CH2:CHC1 

1100  b 

0.9105 

Trichloroetheno 

TCE,  ClCH:CCl2 

1194  a 

1.4642 

sinker 

Ethylene  Di bromide 

EOS 

BrCH2CH23r 

3471  a 

2.1792 

si  nker 

Methylene  Chloride 
CH2CI2 

13508  a 

1.3266 

sinker 

GROUP  B 

Chlorobenzene 

C6H5CI 

441  a 

1.1058 

sinker 

1,2-Di chloro- 
oropane 

CH3CHCICH2CI 

2030  a 

1.1560 

sinker 

1,3  Dichloro- 
propene 

C1CH2CH:CHC1 

insol 

1.217 

sinker 

1, 2, 4-Tri chloro¬ 
benzene 

C6H3CI3 

30  b 
(25'’C) 

1.4542 

sinker 
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TABLE  7.  CLASSIFICATION  OF  COMMON  ORGANIC  CONTAMINANTS  (CONTINUED) 


Nane 

Aqueous 

solubility 

mg/L 

Density 

g/nL 

Classification 

GROUP  C 

Polychlorinated 
biphenyls,  PCBs 

na 

na 

na 

Dichloro,  diphenyl, 
trichloroethane 

DDT 

.0031  d 

na 

na 

Aldrin 

0.2  e 
(25-0 

na 

na 

Chlordane 

0.056  c 
{25°C) 

1.6  c 
(25°C) 

sinter 

Heptachlor 

insol 

1.57 

sinker 

GROUP  0 

Benzene 

ceHe 

1800  a 

0.87865 

floater 

Toluene 

C7H8 

577  a 

0.8669 

floater 

Xyl  ene 

C8»I0 

186  to  196  a 

0.8802  to  0.8611 

f  oater 

Methane 

CH4 

24.1  a 
(ES'C) 

0.5547 

(O'C) 

n-Pentane 

CH3(CH2)CH 

38.5  e 
{25X) 

0.6262 

floater 

n-Octane 

CH3(CH2)6CH3 

0.66  e 
(25''C) 

0.7025 

floater 

GROUP  E 

1,2,3-trimethyl 

benzene 

09812 

75.2  e 

0.8944 

floater 
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TABLE  7.  CLASSIFICATION  OF  COmOH  ORGANIC  CONTAfllHANTS  (CONCLUDED). 


Nane 

Aqueous 

solubility 

ng/L 

Density 

g/ntL 

Classification 

1,2,4,5-tetra- 
methyl  benzene 

C 10^14 

3.48  e 
(aS'C) 

0.8875 

fl  oater 

Naohthalene 

ClflHs 

33  a 

1.4003 

sinter 

1,4-dinethyl- 

naothalene 

C12H12 

insol 

1.0166 

sinker 

Nonane 

CH3(CH2)7CH3 

0.122  e 

0.7175 

floater 

Decane 

CH3(CH2)8CH3 

0.352  e 

0.7300 

floater 

GROUP  F 

Anthracene 

0.02  a 

1.283 

sinker 

Benzopyrene 

0.0012  e 

na 

GROUP  G 

Acetone 

CH3COCH3 

infin  c 

0.7899 

nixer 

Ethanol 

C2H5OH 

infin 

0.7893 

nixer 

Formaldehyde 

HCHO 

solub 

0.815 

nixer 

AH  infomation  are  from  Reference  42  and  for  20°C  unless  noted  otherwise. 


insol  =  insoluble 
infin  =  infinitely  soluble 
na  =  not  available 
solub  =  soluble 


a.  Reference  43 

b.  Reference  44 

c.  Reference  45 

d.  Reference  46 

e.  Reference  47 
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D.  COIITAMINANT  SOURCE  SIZE 


Knowledge  of  the  site  of  the  contaminant  source  provides  a  basis  for  decid¬ 
ing  on  tne  spacing  of  monitoring  locations.  The  plune  of  contani.natio'?  emanating 
from  a  contaminant  source  which  is  small  in  areal  extent  is  normally  narrow. 
Narrow  plumes  require  close  lateral  spacing  of  measurement  locations  for  detec¬ 
tion  or  delineation.  Although  the  literature  on  dispersion  contains  much 
controversial  and  problematic  information,  there  is  sufficient  data  now  to 
conclude  that  in  many  aquifers,  dispersion  in  the  transverse  lateral  direction 
is  weak  ard  that  plumes  often  do  not  spread  laterally  as  they  increase  in 
length  (Reference  48).  Ir  other  words,  long  narrow  plumes  should  be  viewed  as 
the  rule  rather  than  the  exception.  This  implies  that  the  lateral  spacing 
monitoring  wells  or  other  measurement  locations  must  be  significantly  less  than 
the  width  of  rhe  contaminant  source.  At  some  sites,  such  as  those  that  have  a 
local  leak  in  liner  or  those  that  have  had  leaks  from  tanks  or  hazardous 
liquid  suDoly  ..nes,  the  small  dimensions  at  the  source  present  a  formidable 
difficulty.  The  use  of  simple  models  and  estimates  of  longitudinal  and  trans¬ 
verse  dispersivity  can  be  used  as  an  aid  to  determining  suitable  monitoring 
well  locations. 

The  lack  of  detailed  information  on  the  location  and  size  of  contaminant 
sources,  as  is  the  case  for  many  sites,  presents  the  greatest  obstac’e  to  the 
efficient  deve’opnent  of  site  investigation  plans.  To  achieve  a  good  probabil¬ 
ity  of  detecting  zones  of  ground  water  contamination  at  these  sites,  it  is  wise 
to  consider  soil  gas  and  geophysical  techniques  for  napping  the  contamination 
rather  than  installing  many  more  monitoring  wells  or  soil  sampling  holes. 

E.  COMPONENTS  Of  SITE  IHVESTIG.ATIONS 

The  goal  of  investigations  of  sites  that  are  known  to  be  or  suspected  to  be 
contaminated  by  organic  materials  is  normally  to  determine  the  extent  and 
severity  of  soil  and  ground  water  contamination.  Once  the  extent  and  severity 
is  known  and  risks  are  assessed,  plans  for  any  necessary  remedial  action  and 
long-term  ground  water  monitoring  can  be  developed. 

Many  investigative  techniques  are  available  from  which  to  select  those 
appropriate  for  the  particular  site  under  consideration.  Techniques  can  be 
selected  from  the  following  categories. 

o  geological 

»  hydrological 

o  geochemi cal 

o  geophysical 

o  environmental  isotopes 

o  mathematical  models 

»  soil  gas  sampling  and  analytical  chemistry 
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The  challenge  in  any  site  study  is  to  select  the  most  appropriate  combina¬ 
tion  of  techniques  for  the  site-specific  nature  of  i’e  problem.  This  section 
will  discuss  many  of  these  approaches.  However,  the  ..etails  of  planning  soil 
gas  and  geophysical  investigations  will  be  discussed  separately  in  Sections  VI 
and  VII,  respectively. 

Geological  techniques  such  as  drilling  and  sampling  of  borehole  materials 
will  be  included  in  nearly  all  site  studies  because  in  situ  sampling  is  neces¬ 
sary  to  confirm  the  degree  and  extent  of  contamination  indicated  by  other 
techniques. 

Hydrological  techniques  such  as  the  use  of  monitoring  wells  for  permeability 
tests  and  for  hydraulic-head  monitoring  are  also  an  important  component  of 
nearly  all  site  studies  where  organics  occur.  Permeability  measurements  and 
ground  water  elevation  monitoring  determine  the  ground  water  flow  pattern  if 
the  geologic  framework  of  the  site  is  also  known.  Hydraulic  head  is  defined  as 
the  sum  of  three  components,  the  elevation  of  the  point  of  measurement,  or 
elevation  head,  the  velocity  head,  and  the  pressure  head.  The  empirical  Darcy's 
Law  describes  the  flow  of  a  fluid  of  density  p  and  dynamic  viscosity  p,  such 
that  specific  discharge  v  is 

v=  -kog/u  dh/dl  (5) 

and  the  hydraulic  conductivity,  K,  is 

K  =  k  0  g  /  p  (6) 

where  k  is  the  specific  or  intrinsic  permeability,  g  is  the  acceleration  of 
gravity,  h  is  the  hydraulic  head,  and  dh/dl  is  the  hydraulic  gradient.  The 
permeability  k  and  the  hydraulic  conductivity  K  are  a  function  only  of  the 
medium  (Reference  48).  Without  adequate  knowledge  of  the  geology  of  the  sites, 
determination  of  the  hydraulic  head  distribution  vrill  normally  not  provide  for 
a  good  interpretation  of  the  flow  not.  Host  types  of  monitoring  wells  can  be 
used  for  three  purposes:  permeability  tests,  head  measurements,  and  acquisition 
of  water  samples.  Recently,  several  dedicated  monitoring  devices  that  provide 
ground  water  samples  but  are  not  useful  .‘i-r  permeability  testing  or  head  moni¬ 
toring  have  been  developed.  Thus,  hydrological  studies  of  a  s-'te  are  not 
necessarily  an  integral  part  of  the  rranitoring  phase  of  an  investigation. 

Geochemical  techniques  investigate  the  naturally  occurring,  generally 
inorganic  chemical  processes  in  ground  water.  Information  about  these  conditions 
can  prove  useful  for  both  site  investigations  and  remedial  actions. 

In  this  report,  environmental  isotopes  refer  to  those  isotopes  in  the 
ground  water  that  can  be  used  to  assist  in  the  determination  of  ground  water 
age  or  origin.  The  isotopes  of  primary  interest  are  tritium,  oxygen-18,  deuter¬ 
ium  and  carbon  14  and  13.  Of  these,  tritium  is  by  far  the  most  useful  in 
studies  of  sites  of  organic  contamination.  In  the  years  1952  through  1962, 
tests  of  large  thermonuclear  devices  were  conducted  in  the  atmosphere.  This 
resulted  in  tritium  in  precipitation.  If  a  sample  of  ground  water  contains  high 
levels  of  tritium  it  can  usually  be  assumed  that  the  water  entered  the  ground 
water  zone  sometime  after  1952.  Thus,  high  concentrati'ns  •'  ..ritium  can  be 
used  to  identify  ground  water  less  than  35  yee  '  o'*  '  cnee  48). 
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Katiienatical  models  have  a  potential  to  aid  in  the  interpretation  of  hydrol¬ 
ogy  and  contaminant  transport.  Such  models  offer  a  formal  means  of  di '■playing 
or  assessing  conceptualizations  of  the  conditions  at  the  site.  Hathe-" ati cal 
models  are  rarely  a  nears  of  reducing  much  of  the  need  for  site  data,  but  they 
do  offer  possibilities  for  making  better  use  of  the  data  that  are  obtained. 
Ground  water  flow  models  often  serve  a  useful  and  often  essential  component 
in  site  studies.  However,  solute  transport  models  that  include  the  contoined 
effects  of  advection,  dispersion  and  retardation  are  rarely  essential  to  a  site 
investigation,  although  they  are  useful  for  risk  assessment  and  design  of  reme¬ 
dial  actions. 

In  the  development  of  a  strategy  for  an  investigation  of  organic  contamina¬ 
tion  at  a  site,  all  of  the  various  investigative  techniques  or  tools  should  be 
considered  for  selection  of  those  particular  items  that  may  be  useful.  The 
planned  investigation  should  be  formulated  in  several  phases.  The  phases 
should  generally  be  sequential  in  the  earliest  stages.  The  atoroach  should 
allo'w  for  extensive  feedback  as  phases  are  conpleted  so  the  new  information  can 
be  applied  to  improve  the  investigation  strategy. 

F.  PRELIHIHARY  It.'CORMATIOM 

Before  beginning  a  study,  information  in  a  number  of  categories  is 
essential  to  aid  in  the  choice  of  monitoring  techniques,  the  design  of  survey 
grids  the  procedures  for  using  the  instruments,  and  the  interpretation  of  the 
data.  As  mentioned  earlier,  this  list  was  compiled  with  the  assistance  of 
Or.  Gary  Robbins,  a  member  of  the  panel  of  experts  listed  in  Section  II.  The 
categories  listed  have  been  divided  into  broad  groups:  hydrogeology:  soil, 
surficial  geology,  and  bedrock;  site  layout;  and  contaminant  source  information. 
Sources  for  this  information  include  local  consulting  engineers,  county  offices, 
state  geological  aiJ  water  surveys,  U.S.  Geological  Survey  reports  and  maps 
(Seference  49),  the  National  Climatic  Center,  the  Soil  Conservation  Service, 
and  construction  and  foundation  reports  for  structures  on  site.  The  information 
described  in  the  list  will  be  helpful  in  choosing  techniques  and  planning  survey 
grids.  Without  this  information,  there  will  probably  be  a  need  for  application 
of  additional  techniques  to  provide  confidence  that  the  contamination  has  been 
detected  successfully  and  completely. 

1.  Hydrogeology 

a.  Existing  wells 

(1)  Locations 

(2)  Uses,  past  and  present 

(3)  Quality  of  ground  water,  presence  of  contamination,  for 
different  aquifers 

(4)  Hell  logs  and  driller’s  logs 

(5)  Screened  intervals 

(6)  Pumping  rates,  specific  capacity,  transmissivity,  hydraulic 
conductivity,  cones  of  depression,  storage  coefficients 

b.  Elevation  of  the  water  table 

(1)  Regional  and  on  site 

(2)  Seasonal  fluctuations,  if  available 
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c.  Thickness  and  distribution  of  aquifers  and  aquitards;  existence  of 
perched  aquifers 

d.  Ground  water  flow  velocity  or  gradient,  both  local  and  regional 

e.  Soil  porosity,  moisture,  and  lithology 

f.  Recharge  and  discharge  areas 

g-  basic  climatic  information,  including  annual  precipitation,  and 
monthly  temperatures 

h.  Nature  of  drainage  conditions,  and  flooding 

2.  Soil,  Surficia".  Geology,  and  Bedrock 

a.  Types,  thickness,  and  lateral  distribution  of  strata 

b.  Properties  of  soil  including  color,  density,  porosity,  infiltration 
rates,  hydraulic  conductivity,  soil  suction  relations,  grain  size 
distribution.  Unified  Soil  Classification  System  (USCS)  classifi¬ 
cation,  moisture  content,  soil  chemistry,  and  organic  content 

c.  Type  and  extent  of  fill  if  present 

d.  Boring  logs  for  nearby  construction 

e.  Stratigraphy  and  lithology  (particularly  noting  the  presence  of 

clay) 

f.  Location  and  Type  of  Bedr*ck 

(1)  Hass  properties  (faulting,  fracturing,  layering,  dips,  and 
strikes) 

(2)  Coologic  maps 
f3)  Regional  geology 

(4)  Regional  gravity  and  magnetic  data 
(5j  Depth 

3.  Site  Layout 

a.  Historical  and  current  aerial  photographs 

b.  Present  and  past  use  of  site 

c.  Topography  and  nature  of  surface,  in  terms  of  woods,  vegetation, 
bare  soil,  outcrops 

d.  Location  of  buildings,  other  facilities  such  as  runways,  and  survey 
markers 

e.  Nature  and  location  of  roads  for  access 
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f.  Nature  and  location  of  pipelines,  utilities,  and  underground 
facilities  which  nay  be  conduits  for  contamination,  obstacles  to 
investigation  ac*'ivities,  or  both 

g.  Location  of  power,  water,  and  lighting  which  nay  be  needed  in 
investigation  activities 

h.  Nature  of  pavement  including  type,  thickness,  and  reinforcement 

i.  Nature  of  activities  on  site  which  may  influence  subsurface 
conditions,  such  as  irrigation,  or  pumping  wells 

j.  Nature  and  location  of  safety  hazards 

4.  Contaminant  Source  Information 

a.  Identity  of  organic  contaminants 

h.  Locations  of  spills  an-*  '  •‘•s  (tanks,  sumps,  dumps,  pipelines, 
impoundments,  etc.) 

c.  Amounts  spilled  or  leaked;  past  problems  of  similar  nature 

d.  Time  or  duration  of  events 

e.  How  problem  was  discovered 

f.  Depth  of  contamination 

g.  Characteristics  of  problem  such  as  odors,  seepage,  or  a  contaminated 
well 

h.  Actions  to  clean  up  problem 

i.  Contamination  due  to  other  sources,  including  chemicals,  concen¬ 
trations  extent  of  problem,  time  frame  of  problem,  remedial  actions 
being  performed 

5.  Status  of  Early  Knowledge 

In  any  site  investigation  for  contaminant  migration,  determination  of 
the  geological  conditions  is  a  key  task.  A  good  monitoring  strategy  cannot  be 
developed  until  a  considerable  amount  of  information  is  obtained  on  the  geology 
of  the  site.  If  very  little  is  known  about  the  geology  of  the  site  before  the 
investigation  begins,  then  an  important  early  step  in  the  investigation  should 
be  a  preliminary  geological  investigation. 

6.  The  Zone  of  Relevance 

In  most  site  studies,  it  is  usually  determined  that  there  is  a  depth 
controlled  primarily  by  geological  conditions  below  which  contaminants  have  not 
penetrated.  The  entire  zone  above  this  depth  can  be  referred  to  as  the  zone  of 
relevance.  For  example,  if  the  s’te  is  situated  on  an  unconfined  sand  aquifer 
with  an  aquitard  of  clay,  the  sand  would  constitute  the  zone  of  relevance.  It 


44 


is  obvious  that  the  site  study  should  focus  prinarily  on  the  zone  of  relevance. 
But  to  determine  where  the  bottom  of  the  zone  of  relevance  is  located,  a  compo¬ 
nent  of  the  site  study  must  extend  beneath  the  bottom  of  the  zone.  If  the 
bottom  of  the  zone  of  relevance  can  be  located  early  in  the  site  study,  the 
remainder  of  the  study  can  proceed  wit^  greater  efficiency.  Often,  drilling  to 
determine  the  geological  conditions  provides  appropriate  information  to  draw  a 
tentative  conclusion  regarding  tne  bottom  of  this  zone.  This  conclusion  can 
then  be  assessed  by  other  means  such  as  ground  water  monitoring. 

•  G.  GEOLOGICAL  TECHHIQUES  AMD  ISSUES 

When  selecting  the  geological  techniques  of  drilling  and  coring  for  a  site 
investigation,  many  questions  should  be  addressed.  The  following  list  of 
questions  may  be  useful  to  consider.  The  order  of  the  questions  is  not 
signifi cant. 

o  What  type(s)  of  drill  rig(s)  should  be  used? 

o  Gan  the  use  of  drilling  mud  or  other  drilling  additives  be  avoided  and, 
if  so,  how? 

o  Hhat  type  of  soil  or  rock  sampling  methods  should  be  used? 

=  W^at  soil  or  rock  sampling  interval  should  be  selected? 

o  How  should  the  soil  or  rock  sarples  be  stored? 

o  Should  an  organic  vapor  analyzer  be  used  in  the  field  to  screen  the  soil 
and  rock  samples? 

o  To  what  depth  should  the  boreholes  be  drilled? 

o  Should  the  boreholes  be  used  for  installation  of  monitoring  wells  or 
should  they  be  plugged? 

o  What  techniques  should  be  used  to  plug  the  holes? 

»  If  it  is  expected  that  fractures  are  the  main  route  for  contaminant 
migration,  should  angle  boreholes  be  drilled  as  well  as  vertical  holes? 

o  Has  a  geologist  with  specific  knowledge  or  experience  pertaining  to  the 
local  geology  been  consulted  in  the  development  of  the  preliminary 
geological  interpretation  of  the  site? 

o  To  what  depth  is  it  reasonable  to  expect  root  holes,  animal  burrows  and 
desiccation  cracks  to  penetrate  from  the  ground  surface? 

o  When  boreholes  are  drilled  and  sampled,  to  what  depth  are  weathering 
features  identifiable? 

o  If  it  is  known  or  suspected  that  dense  immiscible  liquids  have  been 
used/spilled/buried  at  the  site,  what  geological  contact  or  layer  would 
most  likely  have  acted  as  a  barrier  to  the  sinking  of  the  liquid? 
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o  If  possible  geological  barrier  beds  or  contacts  can  be  identified,  what 
is  the  dip  of  the  surface  along  which  dense  intniscible  liquids  night 
nove? 

o  Hhat  procedures  should  be  used  to  prevent  further  spread  of  contamination 
if  this  barrier  is  penetrated? 

H.  HYDROLOGICAL  TECHNIQUES  AND  ISSUES 

When  selecting  hydrological  techniques  for  a  site  investigation,  many 
questions  should  be  addressed.  The  following  questions  can  help  to  better 
define  the  important  decisions  to  be  made  for  a  given  site  investigation: 

o  Can  the  available  geological  knowledge  of  the  site  and  the  general 
hydrological  setting  be  used  to  develop  a  preliminary  estimate  of  the 
ground  water  flow  pattern? 

o  Is  the  depth  to  the  water  table  relevant  information?  How  should  it  be 
determined’ 

o  Should  a  network  of  monitoring  wells  be  used  to  determine  the  ground 
water  flow  pattern? 

°  Hhat  techniques  would  be  best  for  determination  of  ground  water  velocity? 

o  Hhat  type  of  aquifer  test  should  be  used? 

o  Is  there  a  need  to  use  pumping  tests  to  establish  the  degree  of  hydraulic 
connection  between  one  part  of  the  site  and  some  other  part? 

«  Are  there  aquitards  at  the  site  and  if  so,  do  they  act  as  barriers  to 
contaminant  migration? 

o  Should  laboratory  permeaoeter  tests  be  done  on  core  samples? 

o  If  fractured  clayey  deposits  occur  at  the  site,  has  drilling  caused 
smearing  of  the  fractures  in  the  borehole,  thereby  changing  the  hydraulic 
properties? 

o  Are  the  ground  water  flow  conditions  observed  now  at  the  site  the  sane 
as  those  that  existed  when  ground  water  contamination  began  to  occur? 

o  If  contaminant  migration  is  occurring  at  the  site,  does  it  occur  by 
porous  media  transport  or  fractured  media  transport? 

»  If  it  is  expected  that  the  fractured  media  transport  of  contaminants 
occurs,  how  can  estimates  of  the  bulk  fracture  porosity  be  obtained  for 
velocity  estimates? 

o  If  the  mode  of  flow  and  transport  is  via  fractures,  what  is  the  porosity 
of  the  blocks  between  the  fractures? 

o  At  what  depths  or  in  what  zones  do  the  critical  solute-transport  paths 
occur? 
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o  Should  detailed  vertical  profiles  of  hydraulic  head  be  obtained  to 
assist  in  the  identification  of  depths  of  critical  flow  paths? 

o  How  nuch  annual  infiltration  is  exoected  to  occur  at  the  site? 

o  In  the  zone  in  which  contaminant  migration  is  most  likely  to  occur, 
what  is  the  degree  of  heterogeneity  and  what  dispersion  tendencies  are 
expected? 

»  Hhat  are  the  locations  and  yields  of  water  supply  wells  in  the  area? 

o  How  does  the  potentiometric  surface  respond  to  precipitation  and  what 
does  this  indicate  with  respect  to  the  ground  water  flow  system? 

o  Is  the  geology  of  the  site  suitable  for  use  of  multilevel  monitoring 
devices  in  single  boreholes  or  is  it  necessary  to  drill  many  holes  to 
different  depths  at  each  location  in  order  to  do  monitoring  at  many 
depths? 

I.  GEOCHEMICAL  TECHtllQUES  AllD  ISSUES 


Hhen  selecting  geochemical  techniques  for  a  site  investigation,  numerous 
questions  should  be  addressed. 

o  Hhat  are  the  redox  conditions  in  the  ground  water  zone  and  is  it  likely 
that  these  condit’ons  will  affect  transformations  or  degradation  of 
organic  contaminants? 

0  Hhat  is  the  weight  oercent  of  solid  phase  organic  carbon  in  the  geologic 
materials  and  what  degree  of  contaminant  retardation  would  it  be  expected 
to  cause? 

o  Is  there  evidence  of  transformations  (i.e.,  biodegradation,  hydrolysis)? 

o  If  the  geological  media  allow  contaminant  transport  via  fractures,  what 
will  be  the  influence  of  the  matrix  diffusion  effect? 

o  Car.  inorganic  parameters  such  as  major  ions  or  electrical  conductance  be 
used  as  indicators  of  transport  paths  or  contamination? 

o  Would  it  be  useful  to  measure  parameters  such  as  pH,  Eh,  CH4,  hardness, 
alkalinity,  and  dissolved  oxygen  when  sampling  monitoring  wells? 

o  Do  samples  of  water  from  monitoring  wells  contain  H2S  and  if  so,  what 
does  this  mean? 

•  Are  there  clay-rfeh  aquitards  at  the  site  and  are  they  such  that  molecu¬ 
lar  diffusion  is  the  dominant  influence  on  solute  transport? 

o  Do  core  samples  from  the  geologic  deposits  show  evidence  of  chemical 
weathering  and  if  so,  what  does  this  indicate  regarding  the  development 
of  fractures? 

«  Should  diffusion  coefficient  measurements  be  made  on  core  samples? 
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0.  ISOTOPIC  TECHNIQUES  AND  ISSUES 

The  presence  of  tritiun  can  he  used  to  help  define  the  zone  of  relevance. 

If  the  contamination  has  occurred  more  recently  than  1953,  then  the  presence  of 
tritiun  may  be  a  useful  indicator  of  the  possible  extent  of  the  hydrocarbons. 
However,  if  organic  chemicals  which  are  more  dense  than  water  have  been  used  at 
the  site,  then  tritiun  is  generally  not  a  good  indicator  of  the  expected  zone 
of  contamination.  This  is  because  contaminants  which  are  more  dense  than  water 
can  sink  through  the  aquifer  into  zones  much  deeper  than  tritiun  moves  under 
the  influence  of  ground  water  flow  alone  (References  48,  50,  51).  Tritiun  anal¬ 
yses  are  available  comnercially  from  the  University  of  Miami  Tritiun  laboratory. 

When  selecting  isotopic  techniques  for  site  investigation,  several  questions 
should  be  addressed.  These  are  listed  below.  The  order  of  the  questions  ’S 
not  significant. 

»  Is  it  likely  that  the  site  became  contaminated  after  1953  and  if  so, 
should  bomb  tritiun  be  used  as  an  indicator  of  the  zone  of  active  ground 
water  movement  that  is  susceptible  to  post -1953  contamination? 

»  Is  there  evidence  that  organic  contamination  exists  in  ground  water 
samples  that  have  no  bomb  tritiun? 

»  if  it  appears  appropriate  to  use  bomb  tritium  in  the  site  investigation, 
what  detection  limit  and  precision  is  appropriate  to  request  in  the 
tritium  analyses? 

o  Should  tritium  profiling  be  used  to  detemine  whether  or  not  an  aquitard 
beneath  the  site  is  leakv? 

o  Should  water  samples  'or  tritiun  analysis  be  acquired  from  monitoring 
wells  or  by  extraction  of  water  from  cores? 

o  Can  the  napping  of  tritiun  in  ground  water  at  the  site  serve  as  a  means 
of  delineating  the  zone  of  relevance  for  site  monitoring? 

o  Is  it  likely  that  organics  as  dense  immiscible  liquids  have  travelled  in 
a  manner  that  would  mean  that  bomb  tritiun  is  not  a  good  travel -path  or 
travel -time  indicator? 

"  Is  it  likely  that  isotopes  in  addition  to  or  other  than  tritium  can  play 
a  useful  role  in  the  site  study? 

o  If  the  contamination  is  known  to  have  or  suspected  to  have  originated 
from  a  lagoon  or  pond,  is  it  likely  that  oxygen-18  and  deuterium  will 
serve  as  an  indicator  of  the  source  water? 

K.  LITERATURE  REVIEW 

Numerous  studies  of  subsurface  organic  contamination  have  been  conducted 
and  reported  in  the  literature.  This  discussion  provides  a  series  of  examples 
of  contaminant  and  geology  combinations  along  with  references  to  studies  of 
that  type  in  the  literature.  Each  of  the  cases  is  meant  to  represent  a  broad 
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category  of  contaninated  sites  and  to  serve  as  an  aid  to  visualizing  the  distri¬ 
bution  of  the  contanination.  This  will  rake  it  easier  to  plan  the  investigation. 
A  brief  discussion  o'  indirect  monitoring  techniques  which  nay  be  appropriate 
for  each  case  also  is  provided.  These  conceptual  drawings  were  developed  and 
techniques  were  selected  during  the  2-day  meeting  of  the  panel  of  experts. 

The  characteristics  of  the  cases  include  sand  and  gravel,  clay,  fractured 
bedrock,  and  karst  limestone;  shallow  and  deep  aquifers:  and  fuel,  solvents  and 
landfill  leachate.  Actual  site  conditions  usually  would  be  more  complex  than 
these  hypothetical  cases  (Reference  52),  but  complexity  alone  would  not  dictate 
a  different  choice  of  techniques.  Instead,  complexity  will  increase  the  number 
of  techniques  necessary  for  complete  understanding  of  the  contaminant  location. 

Nine  hypothetical  cases  have  been  developed  to  represent  common  combinations 
of  sources,  contaminants,  and  hydrogeology.  The  hydrogeological  medium  for  six 
of  the  nine  cases  is  sand  and  grave i.  Clay  was  assumed  to  be  present  in  the 
sand  and  gravel,  but  at  low  enough  proportion  to  not  affect  the  organic  contam¬ 
inant  migration.  The  remaining  three  cases  deal  with  the  complexities  of  clay, 
crystalline  fractured  rock,  and  karst  terrain. 

1.  Fuel  Leak  Over  Unconsolidated  Sand  and  Gravel  Aquifer 

In  this  example  shown  in  Figure  13,  gasoline  or  other  non  alcohol  fuel 
has  leaked  from  some  surface  or  near-surface  source,  continuously  or  frequently 
for  several  years.  The  fuel,  which  is  of  lower  density  than  water,  floats  on 
too  of  the  water  table.  Some  fuel  is  trapped  in  the  unsaturated  zone  as  coat¬ 
ings  on  soil  particles;  and  some  constituents  dissolve  in  the  ground  water, 
while  others  volatilize  and  diffuse  away  from  the  fuel  pool.  The  horizontal 
transport  distance  will  deoend  on  the  volume  of  the  leak,  ground  water  velocity, 
and  other  parameters.  Soil  gas  techniques  are  likely  to  be  successful  in  this 
situation  and  are  the  techniques  of  choice.  If  the  resistivity  of  the  soil  is 
greater  than  30  ohm  meters,  GPS  may  be  useful  for  providing  additional  detail 
about  the  extent  and  contamination  present.  For  a  discussion  of  an  actual 
example  with  attendant  comolexities.  Reference  53  describes  an  investigation  o'' 
a  crude  oil  leak  at  Bemidii,  Minnesota.  Reference  10  describes  a  gasoline  leak 
over  a  sand  and  gravel  aquifer.  Indirect  mapping  of  a  fuel  plume  by  EM  induc¬ 
tion  is  described  in  Reference  54;  a  conductive  plume  was  present  which  was 
thought  to  be  ferrous  iron  which  dissolved  in  ground  water  under  the  anaerobic 
(reducing)  conditions  caused  by  fuel  biodegradation. 

2.  Solvent  Leak  Over  Sand  and  Gravel  Aquifer 

This  case,  shown  in  Figure  14,  is  similar  to  Case  1  except  that  tri¬ 
chloroethylene  and  other  common  chlorinated  solvents  are  denser  than  water  and 
sink  through  the  unconfined  aquifer  until  an  aquitard  is  reached.  The  solvent 
may  pool  in  depressions  on  the  aquitard.  Each  pool  of  solvent  then  acts  as  a 
secondary  source  contaminating  the  ground  water,  possibly  for  many  years  after 
the  surface  source  is  removed.  When  performing  the  investigation,  the  aquitard 
should  not  be  penetrated  unless  appropriate  drilling  precautions  are  applied. 

The  well  should  not  provide  a  conduit  for  the  solvent  to  contaminate  lower 
aquifers.  As  in  the  previous  case,  soil  gas  techniques  are  expected  to  be 
successful  and  GPR  nay  be  useful,  if  the  resistivity  of  the  soil  is  greater 
than  30  ohm  meters.  For  an  extensive  discussion  of  an  actual  case  in  Pensacola, 
Florida,  where  the  investigation  of  creosote  contamination,  including  phenols. 
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Figure  13.  Fuel  Leak  Over  Unconsolidated  Sand  and  Gravel  Aquifer. 
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Flgurij  ll.  Solvent  Leak  Over  Sand  and  Gravel  Aquifer 


v/as  conplicated  by  the  presence  of  clay  lenses,  see  Reference  55.  References  56 
and  57  discuss  an  investigation  of  soil  gas  above  TCE-contaminated  ground 
water.  Reference  58  describe^  a  site  with  a  soil  consisting  of  a  mixture  of 
sand,  gravel,  and  clay,  and  chlo''obenzene  and  benzene  contanination  in  ground 
water  at  Pittman,  Nevada. 

3.  Landfill  Over  Unconsolidated  Sand  and  Gravel  Aquifer 

A  landfill,  shown  in  Figure  15,  is  a  much  larger  area  source  than  most 
fuel  and  solvent  spills,  usually  covering  acres  of  land.  The  permeability  of 
landfills  is  usually  higher  than  the  surrounding  soil;  and  this  leads  to  ground 
water  mounding  beneath  the  landfill  after  rainfall.  Such  a  mound  is  a  dome  in 
the  topography  of  the  water  table,  whose  height  and  permanence  depends  on  the 
frequency  and  intensity  of  rainfall.  Landfills  usually  leach  organic  and 
inorganic  contaminants.  The  inorganic  contaminants  may  be  roughly  colocated 
with  the  organic  contaminants,  although  the  two  contaminant  types  migrate  at 
different  speeds.  In  Liiis  case,  the  inorganic  plume  may  be  useful  for  locating 
the  organic  contanination.  Landfills  generally  produce  gases  which  can  vary  in 
composition  according  to  the  age  of  the  fill.  These  constituents  include 
nitrogen  and  hydrogen,  which  may  be  released  for  brief  periods  of  about  2  to  3 
months  and  carbon  dioxide  and  methane  which  may  be  released  for  several  years 
after  the  placement  of  fill.  Soil  gas  sampling  for  carbon  dioxide,  methane,  or 
VOCs  may  be  useful  for  locating  the  contanination.  If  the  depth  to  the  aquifer 
is  less  than  8  meters,  and  a  conductive  ground  water  plume  is  present.  Ell, 
resistivity,  or  GPR  may  be  useful  for  detecting  the  inorganic  contanination. 
Measurements  using  EH,  GPR,  and  magnetics  on  too  of  the  landfill  can  ’ncate  the 
presence  of  metal  trash.  Reference  59  describes  an  actual  case  at  Borden 
landfill  in  Ontario,  Canada.  Reference  60  describes  the  effect  of  a  land''ill 
on  the  hydrogeologic  environment. 

4.  Sewage  Leach  Field  Over  Unconsolidated  Sand  and  Gravel  Aquifer 

A  centralized  sewage  leach  field,  shown  in  Figure  16,  typically  covers  a 
large  area,  which  is  similar  to  a  landfill.  The  sewage  water  causes  a  ground 
water  mound  beneath  the  sewage  leach  field.  The  concentrations  and  presence  of 
the  organic  contaminants  will  be  variable  because  some  of  the  sewage  is 
biodegradable.  If  the  water  table  is  less  than  30  meters  (100  feet)  in  depth, 
the  EM  and  resistivity  techniques  may  detect  a  conductivity  increase  caused  by 
the  presence  of  inorganic  constituents  such  as  ammonia  and  nitrates.  Soil 
gas  sampling  for  methane  may  be  ineffective  if  soil  moisture  beneath  the  leach 
field  reduces  the  effective  porosity  to  less  than  5  percent  (Reference  57). 
Seismic  techniques  can  be  considered  for  determining  the  depth  of  the  water 
table  when  it  is  greater  than  30  meters.  Reference  61  describes  the 
investigation  of  such  a  case  at  Cape  Cod,  Massachusetts. 

5.  Leak  Over  Deep  Aquifer 

In  this  case  shown  in  Figure  17,  because  of  the  volume  of  the  leak  or 
the  depth  to  the  aquifer,  there  is  reason  to  suspect  that  the  fuel,  solvent  or 
landfill  leachate  has  not  reached  the  water  table.  Other  reasons  this  may 
occur  include  biodegradation,  volatilization,  sorption  onto  clay  and  soil 
particle  surfaces,  impermeable  layers  of  clay,  moisture  barriers,  or  low 
infiltration  rates.  The  leak  will  descend  in  a  narrow,  vertical  column  unless 
clay  lenses  or  variations  in  permeability  redirect  the  flow.  Analysis  of  soil 
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Landfill  Over  Unconsolidated  Sand  and  Gravel  Aquifer 


Figure  l6.  Sewage  Leach  Field  Over  Unconsolidated  Sand  and  Gravel  Aquifer. 


54 


Figure  17.  Leak  Over  Deep  Aquifer, 


gas  near  the  source  can  determine  the  lateral  diffusion  of  the  volatile  organic 
contaminants.  Core  sairpling  can  establish  the  vertical  extent  and  actual 
concentration  of  the  contaminant.  When  performing  the  investigation,  care 
should  be  used  to  avoid  breaching  confining  layers,  thereby  allowing  new  migra¬ 
tion  paths  for  the  contaminant.  This  case  is  similar  to  a  study  of  contamina¬ 
tion  in  the  unsaturated  zone  from  low-level  radioactive  hospital  waste  contain¬ 
ing  organic  solvents  and  carriers  (References  62  and  63). 

6.  Fuel  and  Solvent  Leak  Over  Two  Interconnected  Aquifers. 

This  case  shown  in  Figure  18,  provides  more  structural  complexity. 

Fuel  will  float  on  top  of  the  unconfined  aquifer,  while  the  solvent  will  form 
pools  on  top  of  both  aquitards.  Some  solvents  will  dissolve  in  the  fuel,  and 
some  fuel  components  will  dissolve  in  the  solvent.  The  ground  water  may  flow 
in  different  directions  in  the  two  aquifers.  Therefore,  detecting  the  plume  in 
the  unconfined  aouifer  does  not  locate  the  plume  in  the  confined  aquifer.  The 
silt/clay  aquitard  between  the  aquifers  acts  as  a  barrier  to  the  upward  migra¬ 
tion  of  organic  vapors  and  to  the  penetration  below  the  unconfined  aquifer  of 
electrical  current  as  might  be  used  in  a  geophysical  survey.  Resistivity  can 
provide  information  on  the  hydrogeology,  possibly  identifying  the  depth  of  the 
water  table  and  both  aquitards.  Resistivity  i£  more  likely  to  determine  the 
conplex  structure  than  is  EK.  Seismic  techniques  can  also  be  used  to  help 
determine  these  depths.  Soil  gas  techniques  can  map  the  contamination  in  the 
upper  aquifer.  The  drilling  of  monitoring  wells  must  proceed  carefully.  The 
aquitards  should  not  be  penetrated  unless  appropriate  drilling  precautions  are 
applied.  The  drilling  should  not  provide  a  conduit  for  the  contaminants  to 
move  between  aquifers,  yet  it  is  the  only  method  to  obtain  information  for  the 
lower  aquifer.  An  actual  example  of  a  case  with  multiple  aquifers  is  the 
St.  Louis  Park  study  (Reference  64). 

7.  fuel  Leak  Over  Crystalline  Fractured  Rock 

This  case  shown  in  Figure  19,  illustrates  the  conplexity  of  contaminant 
migration  where  the  presence  and  orientation  of  the  fractures  dictates  the 
pathways  followed  by  the  organic  contaminants.  Aerial  image  analysis  can  find 
major  fractures  or  fracture  patterns;  field  mapping  should  be  used  to  check 
these  results.  This  information  nay  suggest  where  to  install  wells.  GPR,  with 
its  continuous  profiling  capability,  may  locate  fractures  if  the  resistivity  of 
the  rock  is  less  than  30  ohm  meters.  Otherwise,  seismic  or  resistivity  tech¬ 
niques  should  be  used.  Resistivities  for  many  rock  types  are  given  in  Reference 
18.  Soil  gas  sanpling  at  locations  of  fractures  indicated  by  the  earlier  tech¬ 
niques  can  be  used  to  develop  further  information  regarding  the  presence  and 
type  of  contamination  in  the  fractures.  Monitoring  wells  may  have  to  be  angled 
to  intercept  the  fracture  pathways.  Reference  65  evaluates  methods  for  measur¬ 
ing  hydrological  variables  in  fractured  rock  units.  Examples  of  geological  char¬ 
acterization  of  waste  sites  located  over  fractured  rock  include  References  66-68. 

8.  Fuel  Leak  Over  Thick,  Fissured  Clay 

In  this  case,  shown  in  Figure  20,  the  leaked  fuel  travels  along  unknown 
pathways  through  the  clay  to  the  top  of  the  water  table.  The  fuel  forms  a  pool 
at  the  water  table  and  the  fuel  constituents  dissolve  from  that  pool  into  the 
ground  water  and  travel  downgradient.  As  in  the  case  above,  the  pathway  is 
unknown.  Clay  has  a  high  electrical  conductivity  and  it  is  difficult  for  the 
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Finure  in.  Fuel  and  Solvent  Leak  Over  Two  Interconnected  Aquifers. 
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Figure  19.  Fuel  Leak  Over  Crystalline  Fractured  Rock 
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Figure  20.  Fuel  Leal:  Over  Thick,  Fissured  Clay. 
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e1ectro"!agnetic  energy  of  a  current  field  to  penetrate.  The  clay  is  also  a 
barrier  to  the  upward  diffusion  of  VOCs.  Clay  layers  at  any  depth  above  the 
first  aquitard  have  the  sane  effect.  Konitoring  wells  and  soil  cores  have  the 
highest  likelihood  of  success.  It  nay  be  worthwhile  to  have  an  experienced 
geophysicist  apply  the  conplex  resistivity  technique.  Reference  69  describes  a 
hydrogeological  investigation  for  a  site  with  fractured  shale. 

9.  Fuel  leak  Over  Karst  Terrain 

Karst  terrain  usually  contains  a  network  of  conplex  fractures,  channels, 
caves,  and  underground  streans  which  are  the  nigration  pathways  for  contami¬ 
nants,  as  shown  in  Figure  21.  As  in  the  crystalline  fractured  rock  example, 
aerial  image  analysis  can  be  used  to  find  major  features  of  the  karst  network 
with  field  napping  to  check  the  results.  Tracers  are  one  of  the  best  methods 
to  determine  flow  paths.  This  information  nay  suggest  where  to  install  wells. 
Ground-penetrating  radar  can  be  used  to  locate  fractures  if  the  resistivity  of 
the  rock  is  greater  than  30  ohn  meters.  Its  capability  of  continuous  profiling 
is  particularly  useful  in  this  case.  Direct  current  resistivity  should  be  used 
instead  of  SPR  if  the  apparent  resistivity  of  the  soil  is  less  than  30  ohn 
meters.  Seismic  techniques  should  be  used  along  with  both  of  these  electrical 
methods  to  obtain  independent  information  on  the  location  of  major  geologic 
features  of  the  karst  terrain.  Sampling  and  analysis  of  soil  gas  at  channel 
openings  can  indicate  the  presence  and  type  of  contamination.  Monitoring  wells 
may  be  placed  using  the  results  of  the  surveys.  The  monitoring  wells  may  have 
to  be  angled  to  find  the  channels.  A  description  of  a  site  investigation  in 
karst  terrain  is  given  by  Reference  70. 
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Figure  21.  Fuel  Leak  Over  Karst  Terrain. 
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SECTION  VI 


PLANNING  A  SOIL  GAS  INVESTIGATION 


A.  INTROOUCTION 

This  section  was  adapted  from  materials  provided  by  Dr.  Donn  Harrin,  a 
member  of  the  panel  of  experts  listed  in  Section  II.  The  purpose  of  this 
section  is  to  identify  the  types  of  subsurface  contaminant  problems  which  are 
amenable  to  soil  gas  sampling.  Furthermore,  it  is  designed  to  illustrate 
environmental  conditions  under  which  soil  gas  sampling  is  either  not  appropriate 
or  subject  to  misleading  interpretations.  Soil  gas  investigations  must  be 
designed  and  interpreted  according  to  the  hydrologic/gcologic  setting  and  chem¬ 
icals  which  are  present  at  each  site.  A  variety  of  investigative  and  interpre¬ 
tive  techniques  may  be  used  at  a  single  site  if  there  are  variable  environmental 
conditions  or  multiple  objectives  to  fulfill. 

As  discussed  in  Section  111,  active  soil  gas  sampling  methods  are  recom¬ 
mended  until  the  passive  method  is  better  understood.  While  the  active  method 
costs  more  per  sample,  the  convenience  of  real-time  analysis  may  allow  for  less 
samples  overall,  if  the  objective  is  to  delineate  a  plume.  The  active  method 
has  proven  reliable  not  only  in  the  Mr  Force  studies,  but  also  in  many  other 
studies.  In  comparison,  the  passive  soil  gas  sampling  method  costs  less  per 
sample,  but  more  samples  may  be  needed  becAuse  analysis  is  not  real-time.  In 
addition,  the  passive  method  may  be  pron^  to  false  negatives.  For  these  rea¬ 
sons,  the  discussions  below  are  directed  ‘to  active  soil  gas  sampling  approaches 
although  much  of  the  information  is  also  a'pplicable  to  passive  sampling  tech¬ 
niques. 

The  section  is  organized  into  six  parts.  The  first  two  parts  evaluate  the 
likelihood  that  a  specific  contaminant  can  be  detected  in  soil  gas,  from  both 
general  and  cosipound-specific  view  points.  Successful  detection  of  a  contam¬ 
inant  in  soil  gas  depends  not  only  on  the  properties  of  the  contaminant,  but 
also  on  the  geology,  hydrology,  and  study  objectives,  which  are  specific  to  a 
site.  The  remaining  three  parts  discuss  sampling  approaches  and  formulation  of 
an  investigative  plan,  interpretation  of  results,  and  when  not  to  use  soil  gas 
methods. 

B.  GENERAL  CONSIDERATIONS 

There  are  no  absolute  limits  for  VOC  concentrations  in  soil  or  ground  water 
below  which  soil  gas  sampling  is  ineffective.  The  lower  limit  is  a  function 
of;  (1)  contaminant  properties,  (2)  analytical  detection  limits,  (3)  physical 
states  and  depths  of  the  contaminant,  (4)  hydrologic  and  geologic  conditions, 
and  (S)  interference  from  surface  or  subsurface  sources  and  degradation  pro¬ 
cesses.  Except  for  analytical  detection  limits  which  were  discussed  in  Section 
V,  and  degradation  processes  which  are  part  of  topic  (5),  the  remaining  topics 
are  discussed  in  detail  below.  The  role  of  degradation  processes  is  discussed 
with  the  contaminant  specific  information.  Soil  gas  investigations  are  commonly 
performed  as  screening  or  initial  assessment  procedures  where  few  of  the  site- 
specific  questions  can  be  answered.  Soil  gas  sampling  can  be  conducted  with  a 
minimal  amount  of  background  information.  However,  the  results  will  generally 
be  more  difficult  to  interpret. 
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1.  ’’hysical  Properties  of  Contaminants 

Some  knowledge  about  the  contaminants  present  is  essential  to  evaluating 
the  feasibility  of  a  soil  gas  investigation.  Likely  contaminants  can  be  class¬ 
ified  into  the  groups  such  as  those  designated  in  Section  V.  If  contaminants 
are  not  listed,  their  physical  properties  can  be  obtained  from  a  variety  of 
chemical  references.  Vapor  pressures  less  than  10*6  kPa  are  considered  very 
low;  vapor  pressures  in  the  range  of  lO"^  to  10"1  kPa  are  considered  low;  vapor 
pressures  in  the  range  of  0.1  to  1  kPa  are  considered  moderate;  and  vapor 
pressures  greater  than  1  kPa  are  considered  high.  Generally,  soil  gas  sampling 
is  most  effective  for  compounds  with  vapor  pressures  above  1.0  kPa  and  Henry's 
Law  constants  above  0.1  to  0.5  kPa  ra3/mol.  If  vapor  pressures  and  Henry's  Law 
constants  are  not  available,  then  compounds  with  boiling  points  below  125*C  can 
probably  be  detected  in  soil  gas  (Reference  61).  This  information  is  sum¬ 
marized  for  corsuon  ground  water  contaminants  in  Table  8. 

Henry's  Law  constants  are  a  measure  of  air-water  partitioning  at 
equilibrium.  Henry's  Law  constants  can  be  estimated  from  a  compound's  vapor 
pressure,  aqueous  solubility  and  molecular  weight  according  to  Equation  (7). 

H  =  VM  (7) 

T 

where; 

k°a  .  1*3 

H  =  Henry's  Law  Constant  v— ; 

mol 

V  =  vapor  pressure  (kPa); 

9 

r!  *  gran  molecular  weight  —  ;  and 
mol 

mg  g 

S  =  aqueous  solubility  —  or  —  . 

L  n3 

Vapor  pressure  and  aqueous  solubility  values  must  be  determined  for  the  appro¬ 
priate  environmental  temperatures. 

2.  Physical  States  and  Depths  of  Contaminants 

Compounds  may  exist  in  the  subsurface  in  several  physical  states  in¬ 
cluding:  (1)  dissolved  in  water,  (2)  dissolved  in  another  organic  phase,  (3) 
adsorbed  on  soil  materials,  (4)  pure  liquid  in  either  the  saturated  or  unsatu¬ 
rated  zone,  and  (5)  present  only  in  the  gas  phase.  The  physical  state  is  rarely 
determined  directly  but  can  be  estimated  on  the  basis  of  compound  properties, 
disposal  practices,  and  subsurface  conditions.  The  physical  state  of  a  compound 
determines  the  degree  of  phase  partitioning,  if  any,  which  must  occur  to  permit 
gas-phase  analysis  of  subsurface  contaminants. 

In  many  cases,  contaminants  have  densities  greater  than  1.0  gram/mL  and 
will  sink  as  immiscible  liquids  in  aquifers.  It  is  possible  for  floating  hydro¬ 
carbon  products  to  act  as  a  solvent  for  high-density  compounds  (e.g.  halogenated 
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solvents)  and  retain  then  near  the  surface  of  the  water  table.  In  that  case, 
partitioning  between  gaseous  and  organic  phases  becomes  more  important  than  fie 
partitioning  between  gaseous  and  aqueous  phases.  Volatilization  of  VCCs  from 
organic  solvents  is  determined  by  the  volatility  of  the  solvent  and  the  mole 
fraction  of  the  solute  in  the  solvent.  For  solvents  other  than  complex  hydro¬ 
carbon  products,  the  volatility  of  VOCs  from  an  organic  phase  can  be  estimated 
by  Raoult's  Law.  Raoult's  Law  states  that  molar  weights  of  nonvolatile  non¬ 
electrolytes  when  dissolved  in  a  definite  weight  of  a  given  solvent,  under  the 
same  conditions,  lower  the  solvent's  freezing  point,  elevate  its  boiling  point, 
and  reduce  its  vapor  pressure  equally  for  all  such  solutes  (Reference  42). 

VOCs  can  be  introduced  directly  to  the  soil  gas  phase  without  contaminating 
either  soil  grains  or  ground  water.  Underground  utility  lines  often  introduce 
volatile  compounds  to  soil  gas  from  cracks  and/or  joints  in  natural  gas  and 
sewer  lines,  for  example,  Ci  through  C4  aliphatic  hydrocarbons  (Group  D)  can  be 
released  from  natural  gas  lines,  and  a  variety  <f  solvent  and  fuel  vapors  can 
diffuse  from  sewers  carrying  industrial  wastes. 

3.  Hydrologic  and  Geologic  Issues 

Certain  hydrologic  and  geologic  features  of  the  site  may  also  be  impor¬ 
tant  to  the  success  of  a  soil  gas  study.  Subsurface  diffusion  barriers  often 
result  in  soil  gas  VOC  concentrations  which  are  uncharacteristic  of  the  under¬ 
lying  ground  water.  Of  primary  concern  are  clay  lenses,  perched  water,  buried 
foundations,  and  other  potential  barriers  to  the  vertical  diffusion  of  gaseous 
contaminants.  Chemical  concentration  gradients  are  locally  disrupted  by  dif¬ 
fusion  barriers  because  gaseous  contaminants  are  either  absent  or  present  at 
very  low  concentrations  in  soil  gas  overlying  the  barrier.  A  review  of  detailed 
lithologic  logs  prepared  by  a  hydrologist  or  geologist  during  the  installation 
of  monitoring  wells  or  borings  in  the  investigation  area  can  indicate  whether 
these  features  are  present. 

The  presence  of  diffusion  barriers  does  not  preclude  a  soil  gas  invest¬ 
igation  as  long  as  the  areal  extents  of  barriers  are  minimal  compared  to  that 
of  the  subsurface  plume.  However,  soil  gas  sampling  is  ineffective  in  a  situa¬ 
tion  where  a  clean  aquifer  overlies  a  contaminated  aquifer  because  contaminants 
are  unable  to  diffuse  through  the  unconfined  aquifer.  Mapping  of  subsurface 
plumes  via  soil  gas  sampling  is  usually  not  affected  by  a  few  anomalous  points 
due  to  the  large  number  of  samples  which  are  collected  over  an  investigation 
site.  However,  the  location  of  potential  diffusion  barriers  should  be  identi¬ 
fied  before  the  interpretive  phase  of  a  soil  gas  study. 

In  addition  to  gas  diffusion  barriers,  the  presence  of  soil  moisture 
and  highly  permeable  zones  (e.g.  backfill  or  utility  trenches)  locally  affect 
soil  gas  samples.  High  moisture  levels  reduce  the  air  porosity  of  soils  and 
inhibit  both  soil  gas  collection  and  gaseous  diffusion.  As  the  number  of 
continuous  air-filled  pores  is  reduced  (due  to  increasing  water  saturation), 
the  mass  of  VOCs  in  soil  gas  also  decrease.  Representative  soil  gas  samples 
are  rarely  obtained  from  soils  with  an  air  porosity  below  five  percent.  Con¬ 
versely,  backfill  and  gravels  have  high  air  porosities  which  often  result  in 
anomalously  high  VOC  concentrations  relative  to  the  underlying  ground  water. 
These  coarse  materials  are  more  permeable  than  the  undisturbed  soil  and  can 
provide  a  conduit  for  laterally  diffusing  gaseous  contaminants. 
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4.  Interference  from  Surface  or  Subsurface  Sources 

If  surface  or  shallow  vadose  zone  contaminant  sources  overlie  a  major 
subsurface  plume,  anomalous  data  may  result.  Surface  or  shallow  soil  contaminant 
sources  can  adversely  affect  the  interpretation  of  regional  soil  gas  data. 

Soil  gas  probes  can  intercept  laterally  diffusing  VOCs  from  a  surface  source  as 
we’l  as  vertically  diffusing  VOCs  from  ground  water.  Thus,  contaminant  concen¬ 
trations  in  shallow  soil  gas  can  be  anomalously  high,  relative  to  concentrations 
in  the  underlying  water.  A  radial  distance  equal  to  three  times  the  depth  to 
water  has  been  empirically  determined  at  several  sites  to  be  the  extent  of 
lateral  contaminant  diffusion  surrounding  a  source.  Soil  gas  samples  collected 
beyond  this  distance  are  normally  representative  of  the  underlying  ground  water. 

If  surface  sources  are  not  identified  prior  to  a  soil  gas  investigation, 
they  can  be  located  using  several  techniques.  Contaminant  sources  within  the 
boundaries  of  a  regional  plume  are  indicated  by:  (1)  an  abrupt  increase  in 
soil  gas  contamination  compared  to  surrounding  points,  (2)  a  change  in  chemical 
composition  of  the  soil  gas,  and  (3)  a  significant  deviation  from  the  soil  gas/ 
ground  water  concentration  ratio  calculated  for  an  overall  site.  The  presence 
of  soil  contamination  can  be  confirmed  by  analyzing  a  vertical  profile  of  soil 
gas.  Vertical  soil  gas  profiles  completed  near  a  surface  spill  typically  show 
increasing  VOC  concentrations  down  to  the  depth  of  maximum  soil  contamination 
and  then  decreasing  concentrations  toward  the  water  table.  Contaminated  ground 
water  results  in  increasing  VOC  concentrations  with  depth  from  the  ground 
surface  to  the  water  table. 

C.  COMPOUHD-SPECIFIC  INFOK-iATlOK 

Once  the  Henry’s  Law  constant  and  other  physical  properties  are  determined 
for  the  contaminant,  site  specific  factors  become  important.  These  are  dis¬ 
cussed  in  detail  below  for  each  group.  Key  factors  are  the  presence  of  the 
contamination  in  soil  versus  in  ground  water,  the  depth  to  the  contaminated 
soil  or  ground  water,  and  the  physical  state  of  the  contaminants. 

1.  Halogenated  Methanes,  Ethanes,  and  Ethenes  (Group  A) 

The  compounds  in  Group  A  possess  low  aqueous  solubilities,  high  vapor 
pressures,  high  diffusion  coefficients,  and  are  relatively  resistant  to  degra¬ 
dation  processes  in  most  soils.  This  makes  them  well  suited  for  detection 
by  soil  gas  sampling. 

2.  Halogenated  Propanes,  Propenes,  and  Benzenes  (Group  B)  and  Cg-Ci2 

Petroleum  Hydrocarbons  (Group  E) 

The  depth  to  contaminated  soil  or  ground  water  is  important  because 
compounds  in  Groups  B  and  E  have  very  low  aqueous  solubilities  and  readily 
partition  ott  of  the  ground  water.  Once  in  the  soil  gas,  however,  these  com¬ 
pounds  remain  near  the  water  table  or  the  original  zone  of  soil  contamination. 
Low  vapor  pressures  and  gas  diffusion  coefficients  make  Group  B  and  E  compounds 
amenable  to  soil  gas  analysis  only  where  probes  can  be  placed  near  contaminated 
soil  or  ground  water.  Since  soil  gas  probes  are  normally  driven  to  a  depth  of 
1  to  3  meters  below  ground  surface,  there  are  obvious  limitations  to  the  remote 
detection  of  Group  B  and  E  compounds  using  conventional  soil  gas  techniques. 
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3.  Halogenated  Polycyclic  Aromatics  (Group  C)  and  Polycyclic  Aromatic 

Hydrocarbons  (Group  F) 

Groups  C  and  F  represent  high  molecula>‘  weight  compounds  which  do  not 
partition  adequately  into  the  gas  phase  to  be  detected  in  soil  gas  under  normal 
circumstances.  These  compounds  are  of  considerable  environmental  concern. 
However,  they  are  not  amenable  to  soil  gas  detection  as  described  here.  All 
other  contaminant  groups  contain  compounds  with  a  significant  vapor  phase. 

4.  C1-C3  Petroleum  Hydrocarbons  (Group  0) 

The  low  molecular  weight  hydrocarbons  (Group  D)  have  a  density  less  than 
that  of  water  and  will  float  as  a  thin  film  on  the  water  table.  The  aromatic 
components  of  Group  0  (e.g.  benzene,  toluene)  ere  moderately  water-soluble  and 
therefore, occur  as  dissolved  as  well  as  immiscible  contaminants.  Group  D  com¬ 
pounds  are  affected  by  the  depth  to  subsurface  contamination  sources  because 
they  are  oxidized  in  the  shallow  soil.  These  compounds  have  high  Henry's  Law 
constants  (indicating  favorable  partitioning  out  of  the  aqueous  phase)  and 
diffuse  rapidly  when  introduced  to  the  gas  phase.  Thus,  Group  0  compounds 
should  migrate  into  the  shallow  soil  gas  in  any  environment  which  permits  sub¬ 
surface  diffusion  of  volatile  organic  chemicals.  The  residence  time  of  Group  ? 
compounds  in  shallow  soil  depends  on  subsurface  redox  potentials  and  microbial 
activity.  Low  molecular  weight  petroleum  hydrocarbons  are  most  predictably 
detected  in  shallow  aquifers  or  from  leading  underground  tanks  where  prebes  can 
be  driven  near  the  source  of  contamination. 

5.  Low  Molecular  Height  Oxygenated  Compounds  (Group  G) 

Many  compounds  in  Group  G  have  densities  less  than  1.0  gran/mL,  but  are 
seldom  encoKFitered  as  floating  product  due  to  their  high  aqueous  solubility. 

The  distinction  of  whether  the  contamination  is  present  in  the  soil  or  the 
ground  water  is  of  particular  importance  for  compounds  in  Group  G  which  have 
high  vapo'"  pressures  but  which  are  also  very  water-soluble.  The  result  is  that 
these  compounds  diffuse  quite  readily  once  in  soil  gas  but  remain  dissolved  in 
the  ground  water.  Hence,  Group  G  contaminants  are  amenable  to  soil  gas  detec¬ 
tion  if  they  result  from  a  surface  or  vadose  zone  spill,  but  may  not  be  present 
in  soil  gas  as  a  result  of  moderate  ground  water  contamination. 

To  summarize,  Ci  and  C2  halogenated  hydroca»"bons  (Group  A)  are  good  can¬ 
didates  for  soil  ga  detection  under  a  wide  range  of  environmental  conditions. 
Compounds  in  this  group  partition  readily  out  of  ground  water,  diffuse  rapidly, 
and  resist  biodegradation,  making  them  prime  candidates  for  detection  using  soil 
gas  methods.  The  halogenated  propancs,  propenes,  benzenes  and  the  Cg-Cis  hydro¬ 
carbons  (Groups  B  and  E)  are  most  often  detected  as  a  result  of  shallow  soil  or 
ground  wa^er  contamination  because  they  diffuse  minimally  and  tend  to  partition 
into  aqueous  or  organic  phases  in  the  soil.  Polycyclic  aromatic  hydrocarbons, 
PCBs,  and  organoctiloriiie  pesticides  (represented  by  Groups  C  and  F)  are  rarely, 
if  ever,  detected  by  soil  gas  sampling.  Low  molecular  weight  petroleum  hydro¬ 
carbons  (Group  0)  can  either  be  detected  in  soil  gas  overlying  shallow  aquifers 
.where  probes  can  'oe  driven  near  the  ''ontami nation  source)  or  deep  aquifers 
(where  probes  can  be  driven  below  the  oxidative  zone  in  soils).  Volatile 
oxygenated  compounds  (Group  G)  are  relatively  water-soluble,  and,  therefore 
most  easily  detected  as  soil,  rather  than  as  ground  water,  contaminants  in 
close  proximity  to  the  source.  This  information  is  summarized  in  Table  9. 
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TABLE  9.  DETECTABILITY  OF  ORGANIC  COMPOUNDS  USING  SOIL  GAS  METHODS. 


Group 

Cl  ass 

Examples 

Vapor 

pressure 

Detectable 

In 

Comments 

A 

Halogenated 

methanes, 

ethanes, 

ethenes 

CHCI3,  CCI4 
TCA,  PCE 

High 

Soil 

and 

Hater 

Diffuse 
rapidly. 
Resi St 
biodegra¬ 
dation. 

B 

Halogenated 

propanes, 

propenes, 

benzenes 

OBCP, 
chi oro- 
benzene 

Kcderate 

Soil 

only 

Resist 

biodegra¬ 

dation. 

Kininal 

diffusion 

C 

Halogenated 

polycyclic 

aromatics 

chlordanc 

PCBs, 

aldrin, 

DDT, 

Very  low 

Hot  good 
for  soil 
gas  anal¬ 
ysis. 

D 

Cl-Cg 

Petroleum 

hydrocarbons 

Benzene, 

toTuene, 

methanes, 

pentane, 

isooctane, 

JP-4, 

gasoline 

High 

Soil 

and 

Hater 

Easily 
oxidized, 
Di ffuse 
■"apidly. 

E 

Cg-Cis 

Petroleum 

hydrocar¬ 

bons 

Diesel . 

Oet  A, 
decsne, 
trinethyl- 
benzene 

Low 

Soil 

only 

Some  bio¬ 
degrada¬ 
tion. 

Low  diffu¬ 
sion. 

Polycyclic 

aromatic 

hydrocarbons 

Kotor 

oil, 

coal  tar, 
benzo¬ 
pyrene 

Very  low 

Nat  good 
for  soil 
gas  anal¬ 
ysis  good 
for  radar 

G 

Low 

molecule 

weight 

oxygenated 

Acetone, 

tetra- 

hydrofuran, 

HEK. 

High 

Soil 

only 

Di ffuse 
rapidly. 

Low  air/ 
water 
parti¬ 
tioning. 

Note:  HEK  =  methyl  ethyl  ketone. 

For  the  electrical  properties  of  these  materials,  see  References  31  and  36. 
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D.  DtVELOPIKG  AN  INVESTIGATIVE  PLAN 

When  planning  an  investigation,  the  main  objectives  of  the  study  will 
aeternine  the  spacing  and  siting  of  soil  gas  probes  Delineation  of  plume 
edges  is  most  efficiently  achieved  by  establishing  a  transect  p'rallel  to  the 
hydraulic  gradient  and  sampling  outward  from  the  suspected  source.  Once  an 
initial  boundary  point  is  identified,  subseouent  sampling  locations  are  selected 
on  the  basis  of  real-time  results.  By  contrast,  locating  downgradient  contami¬ 
nant  sources  is  best  achieved  by  sampling  soil  gas  on  a  predetermined  grid 
covering  the  investigation  site.  Locating  primary  source  areas  is  accomplished 
by  either  grid  or  real-time  sampling,  depending  on  the  initial  information 
which  is  available. 

The  distance  between  sampling  points  is  a  function  of  the  plume  resolution 
required.  Soil  gas  samples  are  coiunonly  collected  on  300-  to  600-meter  (1,000- 
to  2,000-feet)  intervals  over  large  geographic  areas  where  the  objective  is  to 
identify  potentially  contaminated  regions.  Such  widely  spaced  probes  cannot 
provide  resolution  of  individual  plume  characteristics.  Plume  definition  is 
accomplished  by  sampling  probes  on  more  closely  spaced  centers,  depending  on 
the  specific  site. 

Sci’  gas  san.ples  generally  should  not  be  collected  less  than  approximately 
15  meters  (50  feet)  apart  where  high  resolution  mapping  is  required.  Differ¬ 
ences  in  VOC  concentrations  between  closely  spaced  points  are  as  I’tely  to 
result  from  small-scale  heterogeneities  in  the  shallow  soil  as  from  significant 
changes  in  the  parameter  of  interest  (e.g.  contaminant  levels  in  the  underlying 
ground  water).  Locations  of  soil  gas  samples  are  also  determined  by  the  access 
to  sampling  areas  and  the  ability  to  successfully  drive  probes  into  the  under¬ 
lying  soil.  Generally,  tne  minimum  spacing  of  soil  gas  probes  is  proportional 
to  the  depth  to  ground  water. 

The  general  topography  and  surface  conditions  at  the  site  are  factors  to  be 
considered  for  the  selection  of  sampling  depths.  Changes  in  land  elevation 
which  result  in  significant  differences  in  the  depth  to  water  over  an  investi¬ 
gation  site  may  cause  variations  in  soil  gas  concentrations.  The  thickness  of 
the  vadose  tone  overlying  contaminated  ground  water  affects  chemical  concentra¬ 
tion  gradients  and  thus  the  comparison  of  VOC  concentrations  in  soil  gas. 
Topography  is  a  more  critical  facte'  for  shallow  aquifers  (less  than  6  meters 
below  the  ground  surface)  than  for  deeper  ground  water.  When  sampling  above 
contaminated  ground  water  less  than  6  meters  deep,  probes  are  often  driven  to  a 
constant  height  above  the  water  table  rather  than  to  a  constant  depth  below  the 
ground  surface.  Several  soil  gas  profiles  can  be  used  to  determine  the  optimum 
depth  of  sampling  for  the  study  area.  It  is  particularly  ic^jortant  to  san^le 
below  the  zone  of  aeration.fdegradation  so  valid  samples  are  obtained.  This 
will  generally  be  at  least  0.6  meters  (2  feet)  deep. 

Surface  conditions  also  influence  the  choice  of  soil  gas  sample  locations 
for  a  site.  Extremely  wet  surface  conditions  caused  by  ponded  water  should 
be  avoided  because  of  problems  associated  witli  low  air  porosities  in  soil. 
Recently  disturbed  soils  (e.g.,  plowed  or  graded)  often  do  not  yield  represen¬ 
tative  soil  gas  results  oecause  of  the  dilution  and  mixing  of  soil  gas  with 
atmospheric  air.  If  probes  can  be  driven  several  feet  below  the  disturbed 
soil,  VOC  concentrations  in  soil  gas  are  usually  representativa  of  subsurface 
contamination. 
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The  presence  of  nanrade  paveirents  coverinp  soil  may  also  affect  the  results 
of  soil  gas  sanpling.  Asphalt  or  concre+e  sirfaces  can  act  as  a  barrier  to  the 
gaseous  diffusion  ''f  TOCs  and  alter  the  chemical  concentration  gradient  in 
shallow  soil.  Tv;o  adjacent  probes  samp  ad  under  exposed  soil  and  pavement, 
respectively,  can  yield  quite  different  soil  gas  concentrations.  Generally, 

VOC  concentrations  sampled  at  the  same  depth  are  higher  under  pavement  than 
under  bare  soil.  This  difference  can  affect  data  interpretation  if  soil  gas 
samples  are  collected  under  both  surfaces  at  the  same  site.  Pavement  materials 
vary  widely  in  their  ability  to  restrict  the  diffusion  of  VOCs. 

If  it  is  possible  to  drive  a  probe  to  ground  water,  ground  water  samples 
nay  pe  collected  and  analyzed  for  comparison  to  the  soil  gas  samples.  This 
approach  provides  data  to  test  how  well  the  ground  water  and  soil  gas  data  ure 
correlated,  which  provides  a  measure  of  overall  confidence  in  the  study. 

E.  INTERPRETATIC'i  OF  RESULTS 

Soil  gas  results  are  provided  as  concentrations  for  a  specific  location  and 
depth.  These  are  generally  displayed  as  isopleth  maps  which  show  the  areal 
extent  of  soil  gas  contamination  for  a  specific  depth.  Vertical  p’-ofiles  nay 
also  be  d' splayed;  they  are  useful  in  justifying  the  choice  of  sampling  depth 
and  eval-'ating  the  source  of  contamination  as  described  earlier. 

Soil  gas  studies  ar-?  usually  perforsned  to  determine  the  extent  of  soil  or 
ground  water  contamination  or  both.  Hhen  ground  water  contamination  is  sus- 
pected,  it  is  useful  to  compare  soil  gas  and  ground  water  concentrations.  It 
is  for  this  reason  that  during  a  soil  gas  study,  ground  water  samples  are 
usually  collected  from  any  available  wells,  or  by  driving  the  soil  gas  probe  to 
ground  water.  Soil  gas/ground  water  correlations  are  usually  determined  by 
placing  soil  gas  probes  near  existing  monitoring  wells,  or  by  sampling  soil  gas 
from  the  probe  before  it  is  driven  to  ground  water.  Linear  regression  analysis 
can  then  be  used  to  calculate  a  correlation  coefficient  for  log-log  plots  of 
soil  gas  vs.  ground  water  concentrations.  Anomalous  concentrations  are  often 
indicative  of  contaminant  sources  or  small-scsle  geologic/hydrologic  hetero¬ 
geneities  ip  the  vadose  zone. 

The  concentrations  of  VOCs  in  ground  water  combined  with  the  depth  to  water 
can  be  used  to  estimate  chemical  concentration  gradients  in  soil  gas.  Contami¬ 
nant  flux  rates  are  of  interest  because  they  provide  an  esti=«te  of  tii;  migra¬ 
tion  time  between  conta.minated  ground  water  and  shallow  soil  gas.  Both  contam¬ 
inant  flux  rates  and  soil  gas/ground  water  correlations  are  a  function  of 
chemical  concentration  gradients.  Gradients  are  routinely  measured  in  the 
field  by  sampling  soil  gas  in  a  vertical  profile. 

Quality  control  for  sample  collection  and  analysis  is  important  to  consider 
in  evaluating  data.  Vacuum  pressure  necessary  to  extract  a  sample  is  a  useful 
parameter  in  judging  the  validity  of  a  sample.  If  an  inperaeable  zone  is 
encountered  with  the  sampling  probe,  this  will  be  reflected  by  unusually  high 
vacuum  values.  Consideration  of  other  traditional  quality  control  techniques 
applicable  to  analytical  chemistry  are  also  appropriate,  such  as  comparison  of 
duplicate,  blank,  and  known  sample  results. 


71 


To  summarize,  isopleth  plots,  correlation  and  regression  coefficients,  and 
quality  control  data  are  all  useful  in  developing  a  complete  understanding  of 
the  soil  gas  data. 

F.  HHEH  NOT  TO  USE  SOIL  GAS  METHODS 

Although  soil  gas  methods  have  proven  very  useful  in  locating  contamination, 
there  are  occasions  when  it  should  not  be  used.  These  occasions  may  be  divided 
into  two  types,  those  when  the  method  is  not  likely  to  detect  contamination, 
and  those  when  the  method  is  not  likely  to  be  economical.  There  are  a  variety 
of  reasons  the  soil  gas  method  might  not  detect  contamination.  Properties  of 
the  contaminant  are  important  in  determining  whether  it  will  be  detected.  As 
explained  earlier  in  this  section,  vapor  pressure  and  the  Henry's  Law  constant 
should  be  considered  to  determine  whether  a  contaminant  will  be  present  in  the 
vapor  phase  in  sufficient  Ciisntttics  to  be  sampled.  Site  Conditions,  such  as 
water-saturated  soil  with  low  air  porosity,  thick  Clay,  an  uncontaminated 
aquifer  overlying  a  contaminated  aquifer,  or  recently  plowed  or  graded  soil, 
may  mean  the  soil  gas  method  will  be  unsuccessful  in  identifying  subsurface 
contamination.  Site  conditions  also  may  mean  that  the  soil  gas  method  will  not 
be  economical,  for  exaiople,  if  soil  is  impenetrable;  or  if  ground  water  is  so 
shallow  that  samples  may  be  obtained  directly.  In  these  cases,  the  soil  gas 
sampling  technique  should  not  be  used. 
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SlCTIOS  VI! 


PLAIl'IIHG  A  GEOPHYSICAL  INVESTIGATION 


A.  USES  OF  GEOPHYSICS 

The  purpose  of  this  section  is  to  provide  general  guidance  in  the  choice  of 
geophysical  techniques  .o  detect  organic  contamination.  Most  geophysical  tech¬ 
niques  are  useful  in  site  characterization  activities  and  have  been  developed 
for  that  purpose.  Some  techniques  have  capabilities  which  are  useful  for  the 
detection  of  inorganics,  while  other  techniques  have  capabilities  which  are 
useful  in  detecting  organic  contaminants.  Table  10  reviews  the  characteristics 
of  seven  geophysical  techniques,  highlighting  features  of  each  method.  It  is 
intended  to  provide  a  capsule  summary  of  the  primary  technical  characteristics 
of  each  method,  including  parameter  measured,  node  of  measurement,  depth  of 
penetration,  resolution,  and  raw  data  format.  Further  information  about  uses 
of  geophysics  for  determining  depth  to  ground  water,  depth  to  bedrock,  location 
of  trenches,  metal  objects,  and  inorganic  plumes  may  be  found  in  Reference  21. 

It  is  essential  that  an  exoerienced  geophysicist  conduct  the  investigations  and 
interpret  the  data,  because  of  the  complexities  of  the  techniques. 

Table  11  sumrarizes  common  apslications  of  the  techniques.  The  categories 
listed  are  general:  site  characterization  refers  to  detecting  layers,  depths 
of  soil  ond  rock,  and  depths  to  the  water  table:  conductive  leachate  plumes 
refers  to  detecting  the  vertical  and  horizontal  extent  of  inorganic  leachates; 
metal  objects  refers  to  detecting  objects  such  as  drums,  trash,  pipes,  and 
cables:  and  organic  contamination  refers  to  detecting  the  vertical  and  horizon¬ 
tal  extent  of  organics  floating  on  the  water  table,  or  present  in  massive 
quantities  in  the  soil.  This  table  presents  generalizations  which  are  appli¬ 
cable  in  most  cases.  However,  exceptions  exist  because  of  the  wide  range  of 
site  conditions  and  project  objectives. 

It  is  important  to  realize  that  techniques  will  be  useful  at  some  types  of 
sites,  but  not  at  others.  This  is  chiefly  due  to  the  geologic  conditions 
present,  but  also  cay  be  due  to  instrument  capabilities  or  interferences  which 
affect  the  perfcrcancc  of  the  techniques.  For  example.  GPR  is  not  effective  in 
clay  soils.  All  electrical  methods  are  affected  i>y  nearby  metal  objects.  Direct 
current  resistivity  performs  best  sounding  for  depth  information  while  EM  is 
better  for  an  area-wide  search.  Magnetics  will  not  detect  glass,  copper, 
stainless  steel,  or  aluminum,  but  is  excellent  for  ferrous  iron.  Seismic 
methods  are  affected  by  wind  and  airport  noise,  truck  and  train  traffic,  and 
working  drill  rigs.  Seismic  methods  do  not  perform  well  in  unconsolidated 
soil.  In  addition,  interpretation  of  the  data  from  these  techniques  is  an 
important  part  of  the  orocess.  Topographic  corrections  may  be  needed  to  present 
the  data  at  a  standard  distance  from  the  water  tabic.  By  using  mathematical 
models  and  supplemental  field  measurements,  it  may  be  feasible  to  remove  the 
effects  of  buildings  or  utilities  from  the  data.  However,  in  complicated 
geological  situations,  this  may  not  be  possible. 

Note  that  only  two  techniques  are  recommended  for  routine  use  in  detecting 
organic  contamination.  The  successful  application  of  these  techniques,  GPR  and 
complex  resistivity,  is  discussed  in  more  detail  below.  The  dc  resistivity 
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TABLE  10.  CHARACTERISTICS  OF  THE  7  GEOPHYSICAL  METHODS  (ADAPTED  FROM  REFERENCE  21). 
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TABLE  11.  GEHERALIZEO  APPLICAHONS  OF  GEOPHYSICS  TECHNIQUES. 


Ajipl-fcatlon 


Technique 

Site  Charac¬ 
terization 

Conduitlife 

Leachate 

Metal 

Objects 

Organic 

Contamination 

Ground-Penetrz ti ng 
Radar  (GPR) 

yes 

yes 

yes 

yes 

Electromagnetics 

(EH) 

yes 

yes 

yes 

possibly 

Resistivity  (dc) 

yes 

yes 

yes 

possibly 

Complex  Resistivity 

no 

no 

no 

yes 

Seismic  Refraction 

yes 

no 

no 

no 

Metal  Detector 

no 

no 

yes 

no 

Magnetometer 

no 

no 

yes 

no 

*In  sose  cases,  the  organic  contanination  irill  be  associated  Mitb  ioorganic 
contamination.  Examples  include  organics  in  CEtal  drums  and  mixed  organic- 
inorganic  leachate  plumes. 


and  EH  techniques  may  sometimes  be  useful  at  a  site  "fiar  detec  'drocar- 

bons,  but  the  conditions  for  which  this  is  true  ace  not  well  in>ia«  -jd.  Other 
techniques  with  greater  likelihood  of  success  such  as  soil  gas  saapling  should 
be  considered  first. 

B.  COHSIDERATIOIiS  IN  OECIDIHG  WHETHER  TO  BSE  GEOPHYSICS 
1.  General 

When  selecting  geophysical  techniques  for-  a  site  tnyestigation,  many 
questions  should  be  addressed.  The  folTowing:  Itst  of  questions  can- help  to 
better  define  the  important  decisions  to  be  maife  for  a  given  site  investigation. 
■Many  of  the  questions  have  answers  whidi  apply  to  trore  than  one  technique. 

Thus,  the  questions  have  been  organized  into  a  gjToup- of  questions  which  is 
general  in  nature,  and  additional  groups  of  quastiuns- 'which  are  specific  to 
certain  techniques.  The  questions  listed  have beeir  selected  from  an  EPA-U.S. 
Geological  Survey  computerized  expert  systaimow.  in- dexelopmant. 

Some  of  the  questions  in  this  category  are- asked  in  a  different  manner 
in  the  discussion  of  preliminary  information- promSleri  fn  Section  V.  Because  of 
their  importance  and  for  logical  continuity.,  theyiare-ailso  included  here. 
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o  Was  the  source  of  contanination  a  Single  event,  a  continuous  leak  which 
has  been  repai’'ed,  or  a  continuing  leak’ 

o  Did  tho  contaninants  originate  froa  a  surface  spiti,  deep  injection,  a 
leaking  trench,  a  leaking  landfill,  a  leaking  underground  storage  tank, 
a  leaking  underground  pioeline,  a  land  treatnent  facility,  a  surface 
inpoundaent,  or  are  the  contaninants  different,  like  an  Intact,  lost 
barrel  of  waste’ 

o  Where  are  the  contaninants  now?  They  nay  be  present  on  the  surface,  in 
the  unsaturated  zone,  in  the  saturated  zone,  or  in  all  these  areas. 

»  Is  this  an  areal  search,  a  depth  search,  or  both?  This  will  detemine 
whether  profiles  or  soundings  are  oerfomed. 

»  What  types  of  contaninants  are  present?  Arc  there  inorganic  contani¬ 
nants  present  which  nay  serve  as  indicators  of  the  presence  of  organic 
contanination?  H  so,  geophysical  nethods  for  locating  conductive 
plunes  nay  be  useful. 

o  Are  there  natural  organics  present  such  as  ^ron  a  fara,  forest,  or 
swanp?  ccnolex  resistivity  is  used,  these  organics  nay  produce  a 
measurable  effect  and  he  a  conplicating  factor  in  the  interpretation. 

»  Are  the  soils  at  the  site  preferentially  water  wet  or  organic  wet?  A 
soi’  is  nor  v/et  hv  a  liouid  if  the  liquid  foms  beads  on  the  surface  of 
the  soil.  If  the  soil  is  oreferentially  organic  wet,  then  it  nay  be 
possible  to  detect  the  organics  with  EH. 

=  Are  the  organics  mostly  in  the  water  phase,  adsorbed  on  soil  solids,  or 
in  the  gas  phase’  This  question  is  inportant  to  determining  the  appli¬ 
cability  of  EH  fand  soil  gas)  techniques. 

«  Oo  the  organics  and  inorganics  react  in  any  way?  Are  the  organics  being 
modified  by  degradation,  catalysis,  or  adsorption?  This  is  important  ■'or 
the  application  o'  complex  resistivity  (and  soil  gas). 

o  Are  volatile  organics  present  at  the  surface?  If  so,  soil  gas  techniques 
shou’d  be  considered, 

"  What  is  the  envirpnnent  at  the  site?  Examples  are  rural,  suburban, 
urban,  industrial,  landfill,  military  base,  service  station. 

o  How  much  of  tbs  site  is  covered  by  buildings?  What  type  o'  access  is 
possible?  Is  it  difficult  to  walk  around  the  site,  or  is  ’T  possible 
to  drive  over  most  of  the  site  with  a  vehicle  such  as  a  van?  Is  any  of 
the  site  inaccessible  due  to  property  ownership,  security  reasons, 
safety  hazards,  or  difficulties  such  as  swampy  conditions? 

2.  Resistivity,  EH,  Ground-Penetrating  Radar,  and  Magnetic  Techniipes 

Further  questions  which  apply  specifically  to  resistivfty.  Ell,  qrotmi 
penetrating  radar  and  magnetic  techniques  follow. 
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=  Are  there  any  netallic  objects  on  or  near  the  site?  Metallic  objects 
such  as  fences,  pioelines,  and  electrical  or  telephone  wires  above  or 
below  ground  nay  interfere  with  EH,  dc  or  conplex  resistivity,  GPR, 
and  ragnetonetry.  These  type  surveys  nay  not  be  possible  depending  on 
tbs  amount  of  the  site  surface  which  is  covered. 

«  Are  metallic  well  casings  installed  at  the  site?  Casings  nay  also 

affect  EM,  dc  or  complex  resistivity,  GPS  and  nagnetonetry  measurements. 

»  Are  pipelines  cathodicalTy  protected?  If  possible,  the  cathodic  protec¬ 
tion  should  be  turned  off  during  surveys.  Cathodic  protection  does  not 
s'^fect  GPS. 

=  How  much  of  the  area  is  covered  by  concrete  or  asphalt?  Direct  current 
and  comp’ ex  resistivity  techniques  require  contact  with  the  ground.  Rebar 
P"HSsnt  in  the  concrete  nay  interfere  with  EM  and  magnetic  measurements. 

■>  Hhar  is  tne  range  in  topogrartiiic  relief  across  the  site?  If  it  is 
great®-  than  1  meter,  then  eJectronagnetic,  resistivity,  and  -ground- 
oenotratToq  ra1er  data  shoaid  have  a  topographic  correction  apoli*d. 

Af-r  rBjrri,  television,  or  radar  facilities  nearby"’  Measurements  nay  be 
affecter.. 

4.  Graunn-Penetratrr.g  Radar  arot  Complex  Resistivity 

Questions  wmrr  considered  tr  the  use  of  ground-penetrating  radar  and 
co'm-’ex  resistivity  foTow. 

-  !s  clay  present  n  the  site?  ifew  rmch  clay  is  present’  Is  it  present 
as  ’avers,  lenses,  evenli  nixed  with  other  soil  components,  or  massive"’ 

GPR  cannot  cenetrate  cla».  However,  if  the  clay  is  present  as  lenses, 

~ne  GPP  ray  ie  jse^u'  betHsen  the  lenses-  The  techniques  of  GPP  and 
crnpiex  res’St+vity  are  tomplementenr  tnthat  conplex  resistivity 
regu’^-es  the  presence  of  clay  to  be  successful. 

=  Is  the  tone  o''  relevance  above  the  clay?  If  so,  then  GPR  may  be 
feasible. 


»  What  are  the  urooerties  of  the  cuinamisants "*  Are  they  soluble  or 
insoluble  in  water"*  Are  they  orisdble,  ircrisEible,  or  a  mixture  of 
boti  "*  Khat  is  the  density  of  the  cantanTnants?  Are  they  nonpolar, 
anion. c,  cationic  or  a  mixture  chest?"  SI  locates  organics  that 
ohase-separate,  '.e.,  are  iramisKttSle-ar-TTisDlifcTe,  and"  float. 

=  Hhat  is  the  average  electriraT  l■a>iia:iviit«  of  the  site  in  ohm  meters? 
tta  resistivity  is  greater -tiBir 3?  otmi'metais,  and  clay  is  not 
-pnesent,  then  the  site  is-  a-  caniidsa?  tairGPR- 

Surf2Ke  geophysical  techniques  has®  tne’ ainTt^  to  provide  useful 
rnformatimi  at  hatardous  waste  sites.  Haia  cf  eTectrtcal  conductivity  variation 
fcoa  £??  measurements  or  resistivity  sounttmns  can  orcwide  three-dimensional 
bourefary.  locations  *or  hyrtrooeological  aid  csintJiraT  features  as  well  as  direct 


d»tecti!iin  of  inorganic  contaninants.  Direct  detection  of  organics  using  these 
technioaes  nay  be  possible  in  sone  cases.  Complex  resistivity  and  GPR  require 
wore  tine  and  expense,  but  can  provide  more  detailed  hydrogeological  inforna- 
tion  and  sornetines  direct  detection  of  organic  contamination.  GPR  has  the 
highest  resolution  o^  any  geophysical  technique,  allowing  it  to  "look"  through 
the  gaps  in  urban  and  high  den.lty  utility  environments.  The  data  nay  require 
modelling  to  remove  the  effects  of  buildings.  When  most  of  the  precipitation 
is  seasonal,  GPR  data  quality  can  be  inoroved  by  performing  the  measurenents 
during  the  driest  tine  of  the  year  or  during  the  time  when  soils  are  frozen. 

GPR  signals  cannot  penetrate  sone  types  of  asphalt  or  closely  spaced  rebar  or 
chicken  wire.  GPR  is  most  useful  at  sites  with  no  clay,  on  p-oblens  with  water- 
insoluble  oroanics  above  or  floating  on  the  water  table.  Complex  resistivity 
is  most  useful  at  sites  containing  clay,  and  on  oroblems  with  water-soluble 
organics  below  the  water  table.  It  also  nay  provide  an  effective  noninvasive 
monitor  of  the  oerfornance  of  clay  barriers  around  waste  sites. 

d.  USGS  Approach 

Currently,  the  USGS  has  followed  a  very  simple  strategy  at  a  number  of 
sites  for  the  possible  detection  of  organic  contamination  (Reference  4).  This 
strategy  has'ca’l.-  evolves  the  initial  determination  of  the  electrical  resis¬ 
tivity  orooerties  »t  a  site.  If  necessary,  this  is  accomplished  through  an 
initial  cH  survey.  Direct  current  resistivity  surveys  could  be  used  i^  cultural 
noise  such  as  ‘ro-  a  base  radar  system  interfered  with  the  EH  survey.  If  a 
site  is  *ree  o‘  clay  and  has  fairly  high  resistivity  oroperties,  greater  than 
aocfut  30  ohm  meters,  tnen  a  GPR  survey  could  be  conducted.  The  information  in 
Ta*'e  1?  "Susceptibility  to  Jloise"  can  help  determine  whether  cultural  "noise" 
at  a  part  tular  site  could  interfere  with  the  above  techniques  and  their  chance 
for  success.. 

I'  clays  arc  present  and  the  resistivity  properties  are  less  than  30 
ohm  meters,  the  cnance  o*  ground-penetrating  radar  surveys  giving  any  penetra¬ 
tion  in  the  earth  and  produci-g  any  usable  data  is  very  small.  In  this  situa¬ 
tion,  the  JSGS  is  currently  investigating  the  use  of  the  complex  resistivity 
method.  In  some  cases,  this  method  has  produced  promising  results  for  organic 
contamination  detection  (Reference  4).  At  this  time,  there  are  many  unanswered 
Questions,  such  as  the  physical  properties  of  many  of  the  organics  and  how  they 
•nteract  with  :he  clay  minerals.  Further  research  for  both  laboratory  and 
^el'*  studies  s  being  conducted. 

C.  WHEN  MOT  TO  USE  GEOPHYSICAL  I1ETH00S 

Although  geophysical  methods  have  proven  very  useful  in  characterizing 
sites  and  somewhat  useful  in  locating  contamination,  there  are  occasions  when 
these  techniques  should  not  be  used.  These  occasions  may  be  divided  into  two 
types,  those  when  the  methods  are  not  likely  to  detect  contamination,  and  those 
when  the  methods  are  not  likely  to  be  economical,  compared  to  the  alternatives. 
There  are  a  variety  of  reasons  the  geophysical  methods  might  not  detect  contam¬ 
ination.  Specific  characteristics  of  the  individual  methods  described  earlier 
nay  preclude  their  use  in  certain  instances,  for  example,  ground  penetrating 
radar  cannot  be  used  successfully  in  clay  environments.  Specific  site  charac- 
teri-tics  described  earlier,  such  as  the  presence  of  metal  fences  and  pipelines 
or  ste-’l  reinforcement  in  concrete  may  prevent  any  useful  measurements.  Site 


TABLE  12.  SUSCEPTIBILITY  OF  GEOPHYSICAL  METHODS  TO  "NOISE"  (FROM  REFERENCE  18) 


unshielded 
antennas  arc 
used _ 


SUSCEPTIBILITV  OF  OEOPItVSICAL  METHODS  TO  "NOISE"  (FROM  REFERENCE  18)  (CONCLUDED). 


Is  very  dependent  upon  Instrument  used. 


conditions  also  nay  mean  that  some  geophysical  methods  will  not  be  practical, 
for  example,  if  terrain  is  inaccessible  and  a  vehicle  is  required  as  in  the 
case  of  some  ground  penetrating  radar  measurements.  The  geophysical  techniques 
nay  not  be  economical  when  conoared  to  soil  gas  neasurenents.  In  this  case,  if 
soil  gas  methods  are  likely  to  perform  well,  the^  should  be  used.  In  each 
case,  the  objectives  of  the  investigation  and  the  types  of  information  which 
can  be  gained  from  each  technique  should  be  carefully  considered. 
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SECTIOH  VIII 


COHCLUSIOUS 


Monitoring  tecnniques  tested  under  this  project  included  ..ctive  and  passive 
soil  gas  sanpling  and  analyses,  and  the  geophysical  techniques  of  electromag¬ 
netic  induction,  direct  current  resistivity,  seismics,  and  magnetics.  Field 
studies  were  performed  at  four  Air  Force  bases;  these  techniques  were  used  as 
appropriate.  Active  soil  gas  measurements  were  performed  at  all  sites;  resis¬ 
tivity  and  EM  measurements  were  performed  at  three  sites;  and  passive  soil  gas 
sampling  was  performed  at  two  sites.  The  other  techniques  were  performed  at 
one  site  only. 

The  active  soil  gas  sampling  technique  successfully  mapped  solvents,  gaso¬ 
line,  and  JP-4  contamination  at  all  four  bases  where  it  was  used.  Results  from 
one  site  demonstrated  that  the  choice  of  aairpling  depth  can  influence  the 
measurements  obtained.  Thus,  it  is  important  to  perform  depth  profiles  at  the 
beginning  of  a  study.  The  real-time  nature  of  this  method  also  represents  a 
significant  advantage  since  the  choice  and  number  of  sampling  locations  can  be 
evaluated  as  data  are  obtained.  Because  the  active  method  is  usually  very 
reliable  and  has  been  used  successfully  at  a  large  number  of  sites,  its  use  is 
recoomended  until  the  passive  soil  gas  method  is  better  understood. 

The  passive  soil  gas  technique  was  not  as  successful  as  the  active  technique 
in  detecting  contaminated  ground  water  and  may  be  prone  to  false  negatives. 
However,  because  of  its  lower  cost,  this  method  has  potential  for  reducing  site 
investigation  costs  in  some  cases.  Further  testing  of  the  performance  of  this 
technique  for  a  variety  of  contaminants  and  geologic  conditions  is  recommended 
before  the  method  is  used  widely. 

The  geophysical  methods  were  successful  for  site  characterization,  but  the 
EH  and  dc  resistivity  techniques  did  not  detect  gasoline  and  JP-4  contamination 
when  it  was  present.  The  natural  variations  in  background  resistivity  masked 
any  resistivity  anomaly  due  to  the  presence  of  hydrocarbons.  Based  on  these 
results  from  a  limited  group  of  geologic  settings,  the  use  of  EM  and  direct 
current  resistivity  for  direct  detection  of  hydrocarbons  appears  to  be  a  subtle 
technique  which  depends  on  a  thorough  understanding  of  background  information 
at  the  site,  the  skill  of  the  instrument  operator,  and  may  depend  on  the  length 
of  time  the  spill  has  been  present.  This  does  not  preclude  the  more  routine 
use  of  these  techniques  in  hydrologic  and  geologic  characterization.  The 
techniques  of  ground-penetrating  radar  and  complex  resistivity  were  not  demon¬ 
strated  at  the  bases,  but  their  successful  performance  in  detecting  hydrocar¬ 
bons  has  been  documented  in  the  literature. 
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SECTIOll  IX 


RECOHHEKDATIONS 


A  nuiri)er  of  recommendations  were  developed  during  the  course  of  this 
project.  These  are  listed  below,  organized  by  technique. 

A.  SOIL  GAS  TECHMiQUES 

Soil  gas  sampling  is  a  relatively  new  nonitoring  technique.  Both  the 
active  and  passive  sampling  methods  need  further  evaluation  in  a  variety  of 
geologic  conditions  so  that  standardized  sappling  and  analytical  approaches  can 
be  developed.  Further  investigation  of  the  passive  sampling  technique  might 
lead  to  methods  which  could  minimize  some  of  the  existing  problems.  Developing 
these  standardized  approaches  is  a  goal  of  the  American  Society  for  Testing  and 
Materials  (ASTH)  specialty  group  for  this  topic.  As  the  Air  Force  gains  exper¬ 
ience  with  this  technique,  participation  in  this  gro.'p  should  be  considered. 

Additional  work  to  determine  Henry's  Law  constants  and  other  physical 
parameters  for  organic  compounds  which  are  unique  to  the  Air  Force  operations 
would  be  useful  in  the  preliminary  decision  making  stage  when  site  investiga- 
tion:>  are  planned.  These  unique  coopounds  include  some  jet  fuels  and  solvents. 

Finally,  more  general  research  on  issues  such  as  optimum  selection  of 
sampling  locations,  influence  of  sampling  manifold  shape  and  pumping  rate  on 
measurements,  and  influence  of  rainfall,  temperature,  and  barometric  pressure 
on  measurement  comparability  will  be  important  to  a  full  understanding  of  these 
techniques. 

B.  GEOPHYSICAL  TECHMIQUES 

Geophysical  techniques  have  been  widely  used  in  oil  and  mineral  exploration, 
but  have  only  recently  Loen  applied  to  shallow  investigations  at  spills  and 
hazardous  waste  sites.  Developing  the  physical  basis  for  understanding  the 
detection  of  organics  with  electrical  methods  is  of  prime  importance.  Hhile 
some  basic  work  has  been  performed,  further  laboratory  research  on  electromag¬ 
netic  response  of  organics  in  sand  and  clay  is  needed.  This  type  of  investiga¬ 
tion  can  be  performed  in  a  sand  box  type  arrangement,  using  a  variety  of  soils 
and  contaminants. 

Complex  resistivity  is  a  promising  technique  which  needs  further  investiga¬ 
tion  and  demonstration.  It  might  be  feasible  to  perform  some  of  these  demon¬ 
strations  at  Air  Force  bases  where  other  techniques  have  not  been  successful. 
Complex  resistivity  performs  well  in  clay  environments. 

The  co-occurrence  of  organic  contamination  with  inorganic  contamination 
means  that  in  some  cases,  geophysical  techniques  can  successfully  predict  the 
location  of  organics  based  on  the  location  determined  for  inorganics.  Further 
research  is  needed  to  determine  the  circumstances  for  which  this  approach  will 
be  successful. 

Other  topics  for  investigation  include  studying  the  effects  of  weather, 
particularly  rain,  frost,  and  snow,  on  measurement  results. 
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Geophysical  nsthods  also  are  being  standardized  through  an  ASTM  specialty 
group.  The  Air  Force  iray  want  to  participate  in  this  process  as  it  gains  more 
experience  with  the  techniques. 

C.  INTEGRATED  APPROACHES 

Often  when  soil  gas  and  geophysical  investigations  are  perforned,  the 
initial  results  are  used  to  define  an  area  of  excavation,  and  the  excavation  is 
performed.  Opportunity  is  not  available  to  evaluate  the  performance  of  the 
techniques  used  in  the  investigations.  However,  with  advance  planning  at 
selected  sites,  it  would  be  possible  to  coordinate  the  initial  investigation 
results  with  the  excavation  process  so  that  detailed  soil  saropling/analysis 
data  could  be  obtained  for  comparison  and  confirmation  of  results.  This 
detailed  level  of  investigation  would  document  concentrations  as  a  function  of 
depth  and  spatial  extent,  providing  field  data  to  be  compared  with  the  labora¬ 
tory  studies  recommended  above.  This  would  lead  to  improvements  of  geophysical 
models  and  the  measurement  approaches  used.  While  some  of  these  type  experi¬ 
ments  can  be  performed  in  a  laboratory  sand  box,  it  is  also  important  to  work 
with  actual  conditions  in  the  field  so  that  effects  of  spill  aging,  annual 
temperature  cycles,  and  degradation  are  included. 

Soon  the  EPA-USGS  geophysics  expert  system  will  be  ready  for  its  initial 
distribution.  The  expert  system  addresses  both  geophysical  and  soil  gas 
methods.  Exoerience  and  case  histories  gained  at  Air  Force  bases  could  be 
useful  in  imoroving  the  expert  system.  Both  EPA  and  the  Air  Force  would  benefit 
if  interesting  Air  Force  case  histories  could  be  shared  for  evaluation  in  terns 
of  the  expert  system  recommendations.  It  may  be  desirable  to  develop  a  custom¬ 
ized  version  of  the  expert  system  for  Air  Force  use. 
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APPENDIX  A 


HOLLOMAN  AF8 

A.  BACKGROUND 

Hon  Oman  AFB  is  located  in  an  arid  alluvial  valley  in  Otero  County  in 
central  New  Mexico,  near  the  city  of  Alamogordo.  At  the  BX  Gasoline  Service 
Station,  a  substantial  amount  of  gasoline  was  lost  from  a  leak  in  the  under¬ 
ground  pipes,  creating  a  plume  of  floating  product.  The  gasoline  plume  will 
be  the  focus  of  this  discussion. 

The  BX  Service  Station  and  the  location  of  the  contamination  based  on 
ground  water  data  are  shown  in  Figure  A-1.  The  BX  Service  Station  is  located 
in  the  main  base  area,  near  a  school,  hospital,  convenience  store,  and  base 
housing.  The  Service  Station  was  built  in  the  1950s.  In  1981,  discrepancies 
were  noticed  in  the  fuel  inventories.  Excavation  of  the  area  around  the  tank 
showed  that  fuel  had  been  leaking  through  corroded  underground  fuel  lines.  The 
loss  was  estimated  at  450,000  to  680,000  liters  (100,000  to  150,000  gallons). 

B.  GEOLOGY  AND  HYDROLOGY 

Holloman  AFB  is  located  in  a  basin  bounded  on  the  east  and  west  by  tilted 
fault  block  mountains,  in  the  vicinity  of  tne  base,  the  surface  Cenozoic 
sedimentary  deposits  range  in  depth  from  2,000  feet  to  6,000  feet.  The  largely 
Tertiary  fill  is  characterized  by  fine-grained  sediments  and  caliche  (calcium 
carbonate). 

Average  annual  precipitation  for  the  area  is  approximately  25  centimeters 
(10  Inches).  The  basin  is  closed  with  respect  to  surface  and  ground  water 
drainage;  the  surrounding  mountains  are  the  major  source  of  ground  water.  The 
ground  water  beneath  Holloman  AFB  is  at  a  depth  of  approximately  1.5  to  5  meters 
(5  to  20  feet)  and  is  highly  mineralized.  The  uppermost  aquifer  is  not  used  for 
drinking  water,  irrigation,  or  other  purposes  because  of  this  poor  water  quality, 
the  shallow  depth  from  the  surface,  and  the  lack  of  a  protective  barrier. 

C.  METHODS  USED 

A  variety  of  methods  were  applied  during  the  Holloman  AFB  investigation. 

These  methods  included  water-level  and  floating-product  measurements,  ground 
water  sampling  and  analysis,  soil  gas  sampling  and  analysis,  and  three  types 
of  geophysical  measurements  consisting  of  EH,  resistivity  soundings  and  pole- 
dipole  profiling.  These  methods,  and  the  rationale  for  choosing  them  are 
summarized  in  Table  A-1.  Figures  A-2  and  A-3  show  the  relative  locations  of 
the  different  measurements.  Certain  characteristics  of  the  site  influenced 
the  application  of  these  methods.  For  example,  the  water  table  is  shallow,  as 
mentioned  above.  This  depth  was  important  for  choosing  the  soil  gas  sampling 
depth,  and  for  determining  the  measureroent  intervals  in  the  pole-dipole 
profiling. 

Gasoline,  which  has  significant  VOC  content,  was  known  to  be  the  contami¬ 
nant.  Thus,  soil  gas  sampling  was  expected  to  be  successful.  Soil  gas  was 
collected  from  a  total  of  47  sampling  points  near  the  gas  station,  nine  of 
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Residential  Area  at  Hollomaii  AFD 
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Figurp  A-2.  Existing  Wells  and  Soil  Gas  Measurement  Locations  at  the  BX  Service  Station,  Holloman  AFB. 
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Figure  A-3.  Direct  Current  Resistivity  and  EH  Measurement  Locations  at  the  RX  Service  Station,  Holloman  AFR 


TABLE  A-1.  MEASUREMENT  TECHNIQUES  USED  AT  THE  BX  SERVICE  STATION,  HOLLOMAN  AFB. 


Measurenent :  instruiient 


Purpose 


Hater  Samples;  puirp,  tubing; 
laboratory  analysis  using 
standard  EPA  niethods 


Determine  concentrations  of  organic  and 
inorganic  compounds  in  ground  water  and 
floating  product. 


Hater  level,  depth  of  floating 
product;  measuring  tape, 
indicator  paste 


Determine  water  level  and  the  depth  and 
thickness  of  floating  layer  of  gasoline 
in  K?’'>s. 


Soil  gas;  Tracor  540  Gas 
Chromatograph  and  Spectra 
Physics  4270  Computing 
Integrator 

Direct  current  resistivity, 
pole-dipole  configuration; 
Bison  Offset  Sounding  System 

Electromagnetic  Induction; 
Geonics  EM-3! 


Determine  concentrations  of  organic 
compounds  in  soil  gas. 


Determine  lateral  and  vertical  changes 
in  electrical  resistivity. 


Determine  lateral  changes  in  near¬ 
surface  conductivity  and  locate  buried 
metal  pipes. 


which  were  below  paved  surfaces  and  required  the  drilling  of  holes  through 
concrete  and  asphalt.  Tha  target  depth  for  sampling  was  0.6  to  1  meter  (2  to  3 
feet)  below  ground  surface.  Ground  water  was  sampled  at  7  locations  using  the 
soil  gas  probe  in  addition  to  the  13  wells  sampled  using  traditional  methods. 

The  geophysical  measurements  were  designed  to  detect  a  highly  resistive 
layer  floating  on  top  of  the  water  table.  Pole-dipole  resistivity  profiles 
were  performed  with  1,7-meter  and  5-meter  dipoles  along  three  transects,  at 
locations  chosen  to  avoid  fences,  the  asphalt  apron  for  the  gas  station,  and 
streets  and  parking  areas.  The  transects,  labelled  1,  2,  and  3,  are  200,  100, 
and  120  meters  long,  respectively.  An  EH-31  survey  was  performed  at  143  loca¬ 
tions,  selected  for  their  distance  from  interfering  fences  and  overhead  power 
lines.  Electromagnetic  measurements  were  not  made  on  a  regular  grid  except 
when  the  measurements  followed  the  resistivity  transects.  The  locations  chosen 
for  these  measurements  were  a  compromise  among  accessibility,  proximity  to  the 
contamination,  and  presence  of  overhead  and  underground  utilities.  The  numerous 
buried  pipes  and  overhead  electrical  wires  made  the  use  of  a  regular  grid  for 
the  EM  measurements  impossible.  It  was  also  difficult  to  identify  two  unob¬ 
structed  lines  for  dc  resistivity  measurements  over  the  plume. 

Electromagnetic  and  direct  current  resistivity  profiling  were  performed  by 
the  EMSL-LV  contractor,  Lockheed  Engineering  and  Management  Services  Company, 
Inc.  (LEHSCO).  Active  rsil  gas  sampling  was  performed  by  Tracer  Research 
Corporation,  Inc.,  under  subcontract  to  LEMSCO.  Ground  water  and  floating 


97 


product  samples  were  collected  from  13  kbIIs;  these  samples  were  analyzed  by 
Western  Technologies  Laboratory,  also  uncji  subcontract  to  LEMSCO. 

D.  GROUKD  HATER  RESULTS 

In  the  following  discussions,  hydrologic  results  are  presented  first, 
followed  by  ground  i.ater  analyses,  soil  gas  analyses,  and  geophysical  results. 
This  order  was  chosen  so  the  measurements  progress  from  most  direct  to  most 
indirect.  The  ground  water  data  fom  the  fundamental  data  set  to  which  the 
other  types  of  data  are  compared.  These  surveys  were  performed  at  the  base 
during  June,  July,  and  August.  1985.  Since  the  ground  water  conditions  are 
changing  slowly  at  this  site,  data  interpretation  was  performed  with  the 
expectation  that  conditions  did  not  change  significantly  over  the  3-month  span. 

Figures  A-4  and  A-S  show  contoured  water  table  elevations  and  gasoline 
tbickness,respectively.  The  water  table  elevations  show  gradients  to  the 
southeast  and  southwest  depending  on  location.  The  two  gradients  are  due  to  a 
mound  feature  in  the  general  area  of  the  gasoline  station.  Each  of  these  wells 
is  screened  in  a  similar  manner.  Assuming  the  penaeability  of  the  soil  around 
each  well  is  similar,  then  the  thickness  of  floating  product  will  be  propor¬ 
tional  to  the  amount  of  product  in  the  formation.  However,  the  thickness  in 
the  well  will  be  greater  than  the  thickness  of  the  product  in  the  forration. 
These  data  show  two  areas  of  thick  floating  product;  one  along  the  street,  in 
front  of  the  convenience  store,  and  the  other  at  the  west  edge  of  the  contami¬ 
nation  near  the  residences.  These  areas  are  consistent  with  the  ground  water 
flow. 

Ground  water  samples  were  analyzed  for  oil  end  grease,  phe.iols,  total 
organic  halogens,  total  organic  carbon,  xylene,  and  toluene.  All  of  these 
compounds  are  generally  present  but  have  low  concentrations  except  for  total 
organic  ca-bon,  xylene  and  toluene.  These  were  found  in  high  concentrations 
in  samples  of  both  ground  water  and  Floating  product.  Benzene  analyses  were 
not  performed  on  the  gtsund  water  sasvjles,  but  were  performed  on  the  floating 
product  samples.  In  the  floating  product  samples,  the  ratio  of  concentrations 
of  benzene  to  toluene  to  xylene  was  approximately  1  to  4  to  8. 

The  contaminated  wells  are  shown  in  Figure  A-6.  Two  circles  have  been 
placed  near  each  well  in  this  figure.  The  upper  circle  represents  floating 
product  and  the  lower  one  represents  ground  water.  The  circles  have  been 
darkened  to  represent  cases  when  concentrations  of  xylene  and  toluene  are  above 
background,  and  left  blank  to  represent  background  concentrations.  In  two 
cases,  at  veils  H-5  and  Tli-3,  the  floating-product  thickness  prevented  the 
collection  of  ground  water  samples.  In  these  cases,  it  was  assumed  that  the 
ground  water  concentrations  of  xylene  and  toluene  were  above  background.  Hell 
TH-14  near  the  center  of  the  study  area  shows  contaminated  ground  water;  how¬ 
ever,  only  a  trace  of  floating  product  was  identified  at  this  well.  Tha  data 
for  both  floating  product  and  ground  water  show  the  same  general  pattern;  high 
concentrations  in  a  roughly  triangular  pattern  surrounding  the  BX  Service 
Station. 

In  sumiary,  the  results  of  the  organic  analyses  of  ground  water  and  flcating 
product  show  that  the  contamination  is  largely  due  to  gasoline,  not  solvents  or 
oil  and  grease.  The  analyses  confirm  that  the  floating  product  is  a  petroleum 
hydrocarbon.  The  contaminated  wells  are  spread  widely  over  the  study  area  from 
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Figure  A-4.  Water  Table  Elevation  Hap  for  the  Uppermost  Apiilfor,  BX  Service  Station,  Holloman  AFB. 
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Figure  A-5.  Thickness  of  Floflting  Product  at  the  BX  Service  Station,  Holloman  AFB. 
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Figure  A-6.  Xylene  and  Toluene  In  Ground  Water  and  Floating  Product 
at  the  BX  Service  Station,  Holloman  AFB. 


the  north  end  of  the  Service  Station  near  the  pump  islands,  across  the  street 
to  the  east,  and  to  the  south  and  west  near  the  residential  area,  forming  a 
roughly  triangular  pattern. 

E.  SOIL  GAS  RESULTS 

Soil  gas  samples  were  collected  using  an  active  method  as  described  in 
Section  11.  These  samples  were  analyzed  for  the  presence  of  methane,  benzene, 
toluene,  o-xylene,  1,1,2-trichloro-trifluoro-ethane  (F-113),  1,1,1-trichloro- 
ethane  (TCA),  trichloroethylene  (TCE),  perchloroethylene  (PCE),  ethyl  benzene/ 
xylenes,  and  total  petroleum  hydrocarbons.  The  ethylbenzenes/xylenes  category 
included  three  aromatic  hydrocarbons  which  were  not  separated  by  the  chromato¬ 
graphic  column.  F-113,  TCA,  TCE,  and  PCE  were  not  found  in  significant  quanti¬ 
ties.  Contoured  soil  gas  data  for  methane,  nonmethane  hydrocarbons,  benzene, 
toluene,  and  o-xylene  are  presented  in  Figures  A-7  to  A-11.  Each  figure 
represents  one  organic  compound  or  group  of  organic  compounds. 

The  soil  gas  data  appear  to  delineate  the  contaminated  zones  indicated  by 
the  ground  water  samples  rather  well,  even  though  the  ground  water  and  soil  gas 
samples  were  not  colocated.  Except  for  methane,  the  patterns  shown  in  these 
figures  are  very  similar,  forming  a  roughly  triangular  pattern  around  the  BX 
Service  Station.  Since  methane  is  a  byproduct  of  biodegradation,  the  results 
for  methane  are  not  expected  to  match  the  other  hydrocarbon  concentrations 
closely.  The  boundary  of  the  contamination  appears  to  be  fairly  sharp,  with 
steep  gradients  in  the  contamination  over  short  distances.  This  is  especially 
evident  on  the  west  side  of  the  contaminant  plume,  near  the  residences.  This 
shape  can  be  explained  in  part  by  the  ground  water  gradient  described  earlier. 

To  compare  the  soil  gas  results  with  the  ground  water  results,  two 
approaches  were  used.  In  the  first  approach,  data  from  colocated  soil  gas  and 
ground  water  samples  were  compared.  These  samples  were  collected  by  inserting 
the  soil  gas  probe,  withdrawing  a  soil  gas  sample,  and  then  allowing  the  hole 
to  fill  with  water  and  collecting  a  ground  water  sample.  Data  for  these  five 
locations  are  shown  in  Table  A-2.  The  absolute  concentration  values  would  not 
be  expected  to  agree  so  the  relative  concentrations  were  compared.  There  was  a 
good  natch  in  four  of  the  five  cases;  however,  for  sampling  point  SG12/K12, 
ground  water  contamination  was  present  but  not  indicated  by  the  soil  gas 
measurements.  This  location  is  on  the  westmost  edge  of  the  plume,  near  the 
residences. 

In  the  second  approach,  data  from  soil  gas,  ground  water,  and  floating- 
product  samples  from  existing  wells  were  compared  using  a  circle  plot,  developed 
by  adding  soil  gas  data  for  toluene  and  xylene  to  the  circle  plot  for  ground 
water  data.  The  resulting  plot  is  shown  in  Figure  A-12.  In  this  case,  since 
the  soil  gas  samples  were  not  a  uniform  distance  from  the  wells  from  which  the 
ground  water  samples  were  collected,  the  selection  of  sampling  points  for 
comparison  could  have  been  somewhat  arbitrary.  To  minimize  this,  the  nearest 
soil  gas  measurement  was  selected  each  time.  However,  this  measurement  was 
sometimes  as  much  as  15  meters  (50  feet)  away.  Even  with  this  approach.  Hell 
TH-16  had  no  soil  gas  measurement  closer  than  30  meters  (100  feet)  so  this  well 
was  dropped  from  the  comparison.  As  before,  circles  were  left  blank  for  back¬ 
ground  values;  the  circles  were  darkened  for  higher  values. 
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Figure  A-7.  Methane  Soil  Gas  Concentrations  at  the  GX  Service  Station,  Holloman  AFB 
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Figure  A-9.  Benzene  Soil  Gas  Concentrations  at  the  BX  Service  Station,  Holloman  AFB. 
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Figure  A-10.  o-Xyleno  Soil  Gas  Concentrations  at  the  BX  Service  Station,  Holloman  AFB. 
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Figure  A-11.  Toluene  Soil  Gas  Concentrations  at  the  BX  Service  Station,  Holloman  AFB. 
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Service  Station,  Holloman  AFB. 


TABLE  A-2.  SOIL  GAS  AHD  CORRESPOflDIHG  GROUND  HATER  CONCENTRATIONS  OF  TOTAL 
HYDROCARBONS  AT  THE  BX  SERVICE  STATION.  HOLLOMAN  AFB 


Total  hydrocarbons 

Sampling  location 

Soil  gas 
concentration 
(mg/m3) 

Ground  water 
concentration 
(pg/L) 

SG12/H12 

<0.2 

200 

SG18/H18 

<0.2 

<10 

SG34/H34 

700 

100,000 

SG38/K38 

100,000 

30.000 

SG45/H4S 

<0.1 

<5 

Note:  The  units  ng/m^  and  |ig/L  are  equivalent;  the  values  can  be  compared 

directly.  Both  units  are  maintained  in  this  table  since  mg/m^  are  tradi¬ 
tionally  used  for  soil  gas  measurements,  while  pg/L  are  traditionally 
used  for  water  analyses. 

The  soil  gas,  ground  water,  and  floating-product  data  agree  at  8  of  the  12 
locaticns.  At  the  four  locations  where  these  values  do  not  agree,  a  number  of 
different  mechanisms  may  have  been  responsible.  At  locations  where  the  measure¬ 
ments  agree,  the  soil  gas  measurements  could  have  been  responding  to  a  vapor 
gradient  related  to  the  presence  of  floating  product.  Hell  TH-20  represents  the 
westroost  extent  of  the  contamination  in  the  ground  water.  The  lack  of  floating 
product  at  this  location  may  explain  the  low  concentrations  measured  in  the  soil 
gas.  This  well  is  near  the  location  SG12/H12  discussed  above.  Hell  TH-3  is 
located  at  the  outermost  area  of  the  contamination.  In  this  case,  the  nearest 
soil  gas  measurement  is  apparently  across  the  boundary  of  the  contamination,  and 
on  the  uncontaminated  side.  Hells  TH-5  and  TH-14  are  between  the  center  of  the 
contaminated  area  and  the  west  edge.  This  is  puzzling  because  it  was  expected 
that  the  concentrations  would  be  uniformly  high  in  this  area  which  is  near  where 
tiis  leak  occurred.  Instead,  some  soil  gas  values  are  low,  while  others  are  high 
and  tne  area  appears  to  be  inhomogeneous  with  contaminated  ground  water  and 
floating  product  present  at  one  well  and  only  contaminated  ground  water  present 
at  another.  The  wells  were  installed  at  similar  depths  and  with  identical 
screens.  Here  it  is  possible  that,  again,  the  nearest  measurement  of  soil  gas 
is  too  far  away  for  a  valid  comparison.  Overall,  given  the  difficulties  of 
comparing  data  from  points  which  are  not  strictly  colocated,  the  soil  gas  values 
compare  favorably  with  the  ground  water  and  floating-product  data. 

Additionally,  in  each  case  for  ground  water  and  soil  gas,  the  highest  concen¬ 
trations  occur  at  the  points  of  the  triangle,  not  near  the  center  where  the  leak 
occurred.  These  locations  are:  (1)  near  the  pump  islands;  (2)  along  and  across 
the  street,  southeast  of  the  station;  and  (3)  near  the  residences,  southwest  of 
the  residences.  Very  low  values  occur  at  locations  where  high  values  would  be 
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expected,  based  on  the  local  hydraulic  gradient;  i.e..  Points  34,  36,  and  39. 
Possible  reasons  for  these  characteristics  include  one  or  more  of  the  following: 


•  movement  of  fuel  in  naturally-occurring  zones  of  high  permeability, 

•  effects  of  local  ground  water  recharge, 

•  presence  of  additional  leaks, 

•  effects  of  pumping  during  the  recovery  program,  or 

•  effects  of  utility  corridors. 

Figure  A-13  shows  the  underground  utilities  in  the  vicinity  of  the  gas  station, 
along  with  the  areas  of  highest  concentration.  Note  the  presence  of  water  lines 
with  the  potential  for  connecting  the  leak  to  the  areas  of  high  concentrations 
both  northwest  and  southeast  of  the  station  along  the  street,  and  across  the 
street.  The  presence  of  water  lines  also  offers  a  possible  explanation  for  the 
high  value'  to  the  southwest  in  combination  with  the  low  values  measured  at 
Point  34.  The  ground  water  gradients  shewn  in  Figure  A-4  are  consistent  with 
the  southeast  and  southwest  directions  of  flow. 

Movement  of  organic  contamination  along  utility  corridors  has  been  observed 
before.  If  this  is  a  possibility  at  a  site,  then  the  methods  of  choosing  sam¬ 
pling  locations  should  be  reevaluated.  In  this  case,  sampling  perpendicular 
to  the  known  underground  utilities  should  be  considered  to  delineate  the 
contaminated  zones. 

In  summary,  the  soil  gas  data  confirm  the  location  and  hydrocarbon  content 
of  the  ground  water  contamination.  The  soil  gas  data  depict  a  roughly  triangu¬ 
lar  area  of  contamination  around  the  Service  Station  similar  to  that  depicted 
by  the  the  ground  water  data.  When  the  relative  concentrations  of  xylene  and 
toluene  in  soil  gas  and  ground  water  samples  from  the  same  location  were 
compared,  they  show  good  agreement  in  four  out  of  five  cases.  When  further 
comparisons  were  performed  using  nearest  soil  gas  neighbors  to  the  existing 
wells,  there  was  good  agreement  in  8  of  12  cases.  For  three  of  the  four  cases 
of  poor  agreement,  this  may  have  been  due  to  the  distance  between  the  well  and 
the  san^ling  point.  In  the  remaining  case,  low  soil  gas  concentrations  may 
have  been  due  to  the  lack  of  floating  product  on  the  advancing  edge  of  the 
plume.  At  this  site,  the  edge  of  the  soil  gas  plume  may  indicate  the  boundary 
tor  the  floating  product.  Finally,  a  number  of  reasons  were  proposed  for  the 
high  concentrations  of  YOCs  in  both  soil  gas  and  ground  water  at  the  apexes  of 
the  triangular  contaminated  area.  The  most  intriguing  of  these  possibilities 
is  that  the  contamination  is  moving  along  underground  utility  corridors. 

F.  GEOPHYSICAL  RESULTS 

Analysis  of  the  geophysical  data  did  not  clearly  reveal  the  location  of  the 
hydrocarbon  contamination.  Figure  A-14  shows  the  dc  resistivity  lines  in 
relation  to  the  ground  water  contamination  as  indicated  by  the  total  nonmethane 
hydrocarbon  concentrations  in  soil  gas.  The  gasoline  plume  is  located  along 
Line  1  between  stations  40  to  130,  according  to  both  the  soil  gas  and  ground 
water  data.  Further  verification  of  the  contamination  is  provided  at  a  location 
about  5  meters  from  station  90  on  Line  1,  where  a  depth  to  the  water  table  of 
2  meters  and  a  gasoline  layer  0.4  meters  thick  were  identified  from  a  boring 
made  when  the  wells  were  installed  in  1984  (Reference  71).  In  contrast. 

Line  3  appears  to  be  located  in  an  uncontaminated  background  area;  gasoline  is 
apparently  absent  as  indicated  by  the  soil  gas  measurements. 
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Flaure  A-13.  Underground  Utilities  and  the  nistrlbution  of  Toluene  In  Soil  Gas 
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at  the  BX  Service  Station,  Holloman  AFB. 


Figure  A-15  provides  two  apparent  resistivity  pseudosections  for  typical 
contaiKi nated  and  uncontaminated  seginents  along  Lines  1  and  3.  This  type  of 
display  is  a  plot  of  apparent  resistivity  data  versus  electrode  spacings  for 
different  station  locations,  allowing  a  simple,  quick  visualization  of  the 
lateral  and  depth  variations  in  the  apparent  resistivity.  The  pole-dipole  data 
were  converted  to  dipole-dipole  data  (Reference  72)  and  plotted  as  pseudosec¬ 
tions  as  described  above.  Both  pseudosections  show  variable  resistivities 
laterally  and  as  a  function  of  depth.  The  apparent  resistivity  contours  for 
the  segment  of  Line  1  suggest  a  two-dimensional  resistive  body  lies  in  the  area 
of  Station  Locations  87  to  9S.  This  may  represent  the  gasoline  layer.  However, 
comparison  of  these  results  with  those  from  an  uncontaminated  area  is  necessary 
to  determine  if  this  type  of  variability  occurs  naturally.  Examination  of  the 
apparent  resistivity  variations  in  an  uncontaminated  segment  from  Line  3  shows 
variations  which  are  very  similar  to  those  in  the  contaminated  segment  from 
Line  1.  Thus,  these  variations  probably  reflect  lateral  changes  in  the  geology. 
It  appears  that  at  this  study  area,  the  lateral  changes  in  electrical  resistivi¬ 
ties  due  to  naturally  occurring  two-  or  three-dinensional  geological  structure 
are  on  the  same  order  of  magnitude  as  those  possibly  due  to  the  gasoline  con¬ 
tamination.  At  this  site,  it  is  not  passible  to  clearly  delineate  the  presence 
of  the  gasoline  data  in  the  dc  .••esistivity  data.  The  use  of  additional  geo¬ 
physical  methods  may  be  able  to  separate  out  these  effects. 

The  EH-31  vertical  and  horizontal  dipole  data  are  presented  and  contoured 
in  Figures  A-16  and  A-17,  respectively.  These  contours  should  be  regarded  with 
caution  since  spatial  aliasing  is  probably  present  in  the  data.  Spatial  alias¬ 
ing  occurs  when  the  distance  between  sampling  locations  is  greater  than  the 
distance  between  significant  changes  in  the  data.  It  can  be  avoided  by  increas¬ 
ing  the  number  of  locations  where  measurements  are  made.  In  this  ease,  this 
was  not  possible  due  to  cultural  effects  that  occurred  throughout  the  area  from 
pipelines  and  overhead  powerlines.  The  apparent  resistivity  EH  values  are  in 
general  agreement  with  the  dc  resistivity  measurements.  However,  the  lateral 
resistivity  variations  indicated  in  the  dc  apparent  resistivity  data  shown 
in  Figure  A-I5  are  not  observed  in  the  EH  data.  This  is  believed  to  be  due  to 
the  large  spacing  between  the  EH-31  stations.  Because  of  this  spatial  aliasing, 
it  is  not  warranted  to  base  any  significant  conclusions  on  the  EH  data. 

G.  3U>WARY 

To  summarize,  at  the  BX  Service  Station  at  Holloman  Air  Force  Base,  the 
ground  water  data  indicated  a  roughly  triangular  zone  of  contamination.  The 
active  soil  gas  data  also  depicted  this  generally  triangular  shape,  with  high 
concentrations  at  the  apexes  of  the  triangle.  One  of  the  more  intriguing 
explanations  is  that  the  contamination  moved  through  underground  utility  corri¬ 
dors.  The  geophysical  results  from  EH  and  dc  resistivity  measurements  did 
not  separate  the  natural  variations  in  resistivity  from  those  that  iray  have 
been  caused  by  the  presence  of  gasoline. 


113 


CONTAMINATED  AREA 
STATION  LOCATION  (M)  LINE  1 
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Figure  A-16.  Apparent  Resistivity  Contour  Hap  of  EM-31  Vertical  Dipole  Data  at  the  BX  Service  Station 
Holloman  AFB.  Contour  Interval  Is  5  Ohm  Meters. 
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Figure  A-17.  Apparent  Resistivity  Contour  Map  of  EM-31  Horizontal  Olpolo  Data  at  the  BX  Service  Station 
Holloman  AFB.  Contour  Interval  Is  5  Ohm  Meters. 


APPENDIX  B 


ROBINS  AF8 


A.  BACKGROUND 

Robins  AFB  is  located  approximately  20  miles  south  of  Macon,  Georgia,  and 
is  due  east  of  Warner-Robins,  Georgia.  The  results  for  the  JP-4  Spill  Site 
next  to  Landfill  1  will  be  highlighted  in  this  discussion.  Figure  8-1  shows 
the  relation  of  the  study  area  to  Landfill  1  and  the  new  fuel  farm. 

During  the  nid-1960s  an  undetermined  amount  of  uP-4  leaked  from  an  under¬ 
ground,  10-centimeter  (4-inch)  diameter  fuel  supply  line  and  seeped  into  the 
ground  near  Landfill  1.  The  leak  was  discovered  in  1965  during  construction 
of  an  impact  test  facility  at  Landfill  1.  The  leak  was  repaired;  however, 
subsequent  excavations  in  the  area  have  encountered  fuel.  Robins  AFB  began 
construction  of  new  fuel  storage  tanks  on  the  site  of  Landfill  1  during 
1983,  before  the  start  of  the  IRP  Phase  II,  Stage  2  field  work.  Prior  to  the 
start  of  construction,  most  of  the  contents  of  Landfill  1  were  excavated 
and  transoorted  off  the  Base  for  redisposal.  Construction  workers  at  the  site 
reported  that  they  encountered  fuel  in  the  excavations.  During  the  IRP  Phase 
II  activities,  three  wells  were  installed  in  an  effort  to  determine  the  extent 
of  the  contamination.  These  wells,  LFl-1,  LFl-2,  and  LFl-3,  also  are  shown  in 
Figure  B-1.  Contamination  in  these  wells  ranged  from  none  in  well  LFl-1  to 
floating  product  present  in  well  LFi-3. 

B.  GEOLOGY  AND  HYDROLOGY 

Robins  Air  Force  Base  is  located  on  an  alluv'al  terrace  of  the  Ocmulgee 
River  within  the  upper  Coastal  Plain  Province.  The  site  is  bisected  primarily 
by  two  lithologic  units:  Quaternary  fluvial  deposits  and  the  Cretaceous  Provi¬ 
dence  Sand.  Average  annual  precipitation  is  approximately  127  centimeters  (50 
inches).  The  water  table  at  Robins  AFB  is  shallow  with  a  depth  of  approximately 
6  meters  (20  feet)  over  the  western  portion  of  the  Base;  it  decreases  towards 
the  east  where  it  discharges  into  a  swan?).  Recharge  for  the  area  occurs  west 
of  the  Base  where  the  Providence  Sand  crops  out.  The  primary  regional  aquifer 
of  the  area  is  the  Cretaceous  Sand  aquifer  (Reference  73). 

C.  METHODS  USED 

The  JP-4  Spill  Site  was  studied  extensively  using  ground  water  sampling, 
active  and  passive  soil  gas  analysis,  electromagnetic  induction,  and  resistivity. 
These  methods  and  the  rationale  for  choosing  them  are  summarized  in  Table  B-1. 

Ground  water  samples  were  collected  from  the  three  existing  wells.  However, 
the  capability  of  the  soil  gas  sampling  van  to  drive  a  probe  to  ground  water  at 
depths  of  2  to  3  meters  (7  to  10  feet)  meant  that  ground  water  samples  also 
could  be  collected  at  any  location  accessible  by  the  van.  This  technique  has 
not  been  validated  against  the  traditional  approach  of  sampling  a  purged  well, 
but  it  was  adequate  for  confirming  the  presence  of  contamination  in  ground 
water.  Nine  ground  water  samples  were  collected  using  the  soil  gas  probe. 
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Spill  Site,  Fuel  i^arn,  and!  Landfill  1  at  Robins  AFO. 


TABLE  B-1.  HEASUREt-IEKT  TECHHIQUES  USED  AT  THE  JP-4  SPILL  SITE.  ROBINS  AFB. 


Measureoent;  instrument  Purpose 


Hater  samples;  pump,  tubing 


Water  level,  depth  of  floating 
product;  metal  tape 


Collect  ground  water  and  floating  product 
for  analysis  on  site  by  GC  used  for  soil- 
gas. 

Determine  water  level  and  depth  and 
thickness  of  JP-4  floating  product. 


Active  soil  gas  sampling;  Tracor  Determine  concentrations  of  organic 
Gas  Chromatograph  and  Spectra  compounds  in  soil  gas. 

Physics  4270  Computing  Integrator 
on  site 


Passive  soil  gas  sampling;  S’-! 
Industrial  Hygiene  Badges. 

3400  Gas  Chromatograph  and 
integrator,  in  laboratory 

Direct  current  resistivity.  Wenner 
array;  Bison  Offset  Sounding  System 

Electromagnetic  Induction;  Geonics 
EH-31.  and  EH-34 


Determine  concentrations  of  organic 
confounds  in  soil  gas:  determine 
exposure  times  for  expanded  study. 


Determine  lateral  and  vertical  changes 
in  electrical  resistivity. 

Determine  lateral  and  vertical  changes 
in  near-surface  conductivity  and  locate 
buried  metal  pipes. 


Two  soil  gas  studies  were  performed  at  the  JP-4  Spill  Site,  to  allow  com¬ 
parison  of  the  soil  gas  methods  and  to  provide  additional  data  for  comparisons 
to  the  geophysical  results.  The  initial  locations  chosen  for  the  active  soil 
gas  sampling  were  based  on  information  from  the  existing  wells.  An  area  of 
suspected  high  concentration  was  chosen  first,  followed  by  points  chosen  to 
establish  the  boundaries  of  the  contaminated  area.  Emphasis  was  placed  on  the 
delineation  of  the  contamination,  rather  than  on  colocating  soil  gas  and  ground 
water  samples.  However,  some  colocated  samples  were  obtained.  Duplicate 
soil  gas  samples  were  obtained  at  two  locations.  In  addition,  a  profile  of 
concentration  with  depth  was  developed,  which  led  to  the  decision  to  use  a 
deeper  sampling  depth.  In  summary,  13  soil  gas  samples  were  collected  at  a 
nominal  depth  of  1  meter  (3  feet);  25  soil  gas  samples  were  collected  at  a 
nominal  depth  of  2  meters  (6  feet). 

A  calibration  test  for  passive  soil  gas  sampling  was  conducted  at  the  JP-4 
Spill  Site  in  August,  1986.  The  test  consisted  of  exposing  three  sets  of  nine 
samplers  each.  Trial  exposure  times  were  1,  2,  and  3  days.  The  samplers  were 
distributed  in  groups  of  9,  spaced  at  15-meter  (50-foot)  intervals  along  the 
fence  which  is  parallel  to  the  line  of  monitoring  wells.  Within  each  group, 
the  samplers  were  0.6  meters  (2  feet)  apart.  Although  during  the  previous 
months  there  had  been  a  severe  drought  and  the  ground  was  initially  dry  and 
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hard,  during  the  week  of  the  survey,  there  were  intermittent,  heavy  rain  storms. 
Many  of  the  sampler  locations  became  covered  with  puddled  water  during  the 
week. 

The  geophysical  techniques  were  used  in  an  effort  to  directly  detect  the 
JP-4  contamination.  Direct  Current  resistivity  provided  a  method  for  doing 
detailed  soundings,  i.e..  evaluations  of  resistivity  with  depth.  The  EM-31  and 
EM-34  instruments  were  used  mostly  for  profiling,  but  soundings  were  also 
performed.  The  EM-31  was  also  used  to  locate  pipelines  and  other  buried  metal 
objects.  The  geophysical  survey  was  performed  3  months  before  the  soil  gas 
survey  could  be  conducted.  To  assure  that  results  from  the  geophysical  and 
soil  gas  surveys  would  be  comparable,  a  semipermanent  survey  grid  was  estab¬ 
lished  and  an  EPA  representative  was  present  during  both  studies. 

The  locations  of  the  survey  lines  where  the  geophysical  measurements  were 
performed  are  shown  in  Figure  B-2  and  sunnarized  in  Table  B-2.  The  initial  step 
in  performing  the  surveys  was  to  establish  a  grid  extending  from  the  uncontami¬ 
nated  area  across  a  portion  of  the  contaminated  area.  A  laser  theodolite  was 
used  to  survey  the  locations.  These  lines  were  nominally  200  meters  in  length, 
spaced  10  meters  apart.  Measurement  locations  were  marked  with  stakes  at 
10-meter  intervals.  A  topographic  map  showing  the  relative  change  with  respect 
to  the  base  station.  Line  A,  station  0,  is  presented  in  Figure  B-3.  A  downward 
slope  with  an  elevation  drop  of  about  1.5  meters  occurs  from  the  northwest  to 
the  southeast  portion  of  the  survey  area.  A  ditch  is  located  in  the  southeast 
portion  of  the  grid. 


TABLE  B-2.  ELECTROMAGNETIC  MEASUREMENTS  AT  THE  JP-4  SPILL  SITE,  ROBINS  AFB. 


LINE 

EH-31 

Verti cal 

EM-31 

Horizontal 

tSSSSSSSSSSSSSB 

EM-34 

20  m 

Horizontal 

3SSSSSSSSSSSSSS 

EM-34 

40  m 

Horizontal 

EM-34 

40  m 
Vertical 

A 

yes 

^es 

yes 

yes 

yes 

B 

yes 

no 

no 

no 

no 

C 

yes 

no 

yes 

no 

no 

D 

yes 

no 

no 

no 

no 

E 

yes 

no 

yes 

no 

no 

Direct  Current  resistivity  measurements  were  performed  at  IB  locations  over 
both  the  contaminated  and  uncontaminated  areas.  To  make  the  measurements,  the 
Henner  array  was  used  with  "a"  spacings  of  0.5,  1,  2,  4,  8,  and  16  meters. 

These  soundings  were  spaced  along  Lines  A  and  D,  from  stations  10  to  130  and 
from  stations  30  to  150,  respectively;  two  soundings  were  also  performed  along 
Line  C  at  stations  140  and  150.  After  a  rainstorm,  one  sounding  was  repeated 
to  provide  information  on  the  effects  of  the  rain.  This  resulted  in  a  total  of 
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Figure  B-3.  Topograpiiic  Map  of  the  JP-4  Spill  Site  Showing  Relative  Elevation 
Change  (Meters)  with  Respect  to  the  Base  Station  at  Line  A, 
Station  0  at  JP-4  Spill  Site.  Robins  AFB. 


19  soundings.  Each  sounding  required  30  to  45  minutes  for  one  person  to  lay 
out  the  cables,  pound  in  the  stakes,  connect  the  cables,  make  and  record  the 
measurements,  and  move  to  the  next  site.  Calibration  checks  were  performed  at 
the  beginning  and  end  of  each  da^  of  work. 

E-M  measurements  were  selected  to  provide  a  rapid  assessment  of  the  sub¬ 
surface  resistivity,  and  to  delineate  underground  pipes  and  cables  in  the  study 
area.  This  informat’on  was  important  to  interpreting  the  resistiv'y  results. 
Measurements  with  the  EH  instruments  required  one  or  two  people.  ne  EM-31  is 
fully  portable  for  one  person,  while  measurements  with  the  EM-34  are  most 
easily  conducted  with  two  people.  To  perform  a  series  of  EM-31  measurements 
using  vertical  dipoles  along  a  200-meter  survey  line,  making  measurements  at 
10-meter  intervals,  required  approximately  30  minutes.  To  perform  a  series  of 
EJ-1-34  measurements  using  vertical  and  horitontal  d’poles,  along  a  200-meter 
survey  line,  using  a  20-Qeter  coil  spacing,  5n(j  making  measurements  at  20-meter 
intervals,  also  ■'equired  approximately  30  minutes. 

Electromagnetic  measurerentS  with  the  E.M-3I  and  EH-34  were  initially 
obtained  for  Line  A.  For  a  given  measurement,  wide  variations  in  the  values 
were  sometimes  observed.  It  is  believed  this  was  due  Co  interference  from  the 
base  radar  systems.  The  amount  of  the  variation  changed  throughout  the  survey 
period  and  was  more  evident  with  the  EM-34  instrument.  Consequently,  it  was 
not  possible  to  completely  survey  the  area  with  the  EH-34.  Variations  also  were 
observed  with  the  EH-31.  However,  they  were  generally  less  than  10  percent  of 
the  measured  value.  The  maximum  range  and  an  average  value  were  recorded  for 
each  station. 

Initial  EH-31  measurements  along  Line  A  were  obtained  with  both  horizontal 
and  vertical  dipoles  at  a  height  of  0.875  meters.  Some  measurements  were  also 
obtained  with  the  EH  transmitter-receiver  oriented  both  parallel  and  perpendic¬ 
ular  to  the  survey  line.  Plans  called  for  obtaining  measurements  for  the  entire 
area  with  all  four  EK-31  combinations.  This  would  have  provided  some  depth  and 
lateral  homogeniety  information.  However,  because  of  the  radar  interference 
and  time  constraints,  roost  of  the  area  was  surveyed  only  with  the  vertical 
dipole  and  perpendicular  orientation. 

Field  measurements  were  conducted  during  August  and  and  October  1986.  The 
location  of  the  contamination  was  assumed  to  be  constant  for  the  duration  of 
the  3-month  study.  The  geophysical  measurements  were  conducted  by  a  team  from 
EHSL-LV  with  assistance  from  the  U.  S.  Geological  Survey.  The  soil  gas  measure¬ 
ments  were  performed  on  site  by  Tracer  Research  Corporation,  Inc.  Passive 
sampling  using  adsorbent  charcoal  badges  for  collection  with  analysis  in  the 
laboratory,  was  performed  by  LEHSCO. 

D.  GROUND  HATER  RESULTS 

Hater  table  elevations  were  measured  at  the  three  existing  wells,  but  it 
was  not  possible  to  determine  the  ground  water  flow  direction  because  the  wells 
were  installed  in  a  straight  line.  The  flow  direction  was  assumed  to  be  towards 
the  swamp  at  the  eastern  edge  of  the  study  area. 

Ground  water  samples  were  collected  from  the  existing  wells  and  by  driving 
the  soil  gas  sampling  probe  into  ground  water  at  selected  locations.  Ground 
water  data  for  total  hydrocarbons,  benzene,  and  toluene  are  contoured  in 
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Figures  B-4  to  B-6.  In  each  of  these  figures,  only  the  1000  ug/L  contour  line 
is  narked.  Kith  the  nuinber  of  data  available,  the  drawing  of  additional  lines 
is  not  warranted.  The  contour  lines  have  been  left  open  towards  the  Fuel  Farm 
enclosure.  Permission  was  not  obtained  for  digging  in  this  area. 

The  general  locations  of  the  contamination  indicated  by  the  total  hydro¬ 
carbons  compared  to  the  benzene  and  toluene  are  similar.  Because  of  this 
similarity,  it  can  be  concluded  that  petroleum  hydrocarbons  are  the  only  type 
of  contamination  present.  The  highest  concentrations  were  measured  at  well 
LFl-3  and  at  a  number  of  locations  near  the  intersection  of  ti.e  two  drainage 
ditches,  where  samples  were  collected  using  the  soil  gas  probe.  These  locations 
are  W-1,  W-2,  H-3,  W-4,  H-5,  and  M-6.  The  water  sample  for  well  LFl-3  was 
collected  by  sampling  from  below  the  floating  product.  At  W-2  and  W-4,  the 
samples  were  not  analyzed  due  to  the  presence  of  floating  product.  Values  for 
these  locations  were  assumed  to  be  greater  than  1000  ng/L  when  preparing  t)ie 
con’^our  plots. 

The  well  is  a  one-point  anomaly  as  the  only  location  in  the  northwest 

part  of  the  survey  area  with  values  above  background.  These  values  may  be  the 
result  of  cross  contamination,  an  isolated  surface  spill,  or  ground  water 
contamination.  However,  the  presence  of  a  0.34  meter  gradient  away  from  well 
L-1-1  tov;ards  well  LFl-3  suggests  that  the  contamination  identified  in  the  area 
of  well  LFl-3  is  not  responsible  for  the  contamination  at  well  LFl-1.  This  is 
further  verified  by  the  clear  delineation  of  the  boundaries  of  the  JP-4  spill 
on  the  north  and  west  by  other  ground  water  and  soil  gas  data. 

E.  SOIL  GAS  RESULTS 

1.  Active  Soil  Gas  Sampling  Results 

Figures  8-7,  B-8,  and  B-9  are  contour  maps  for  active  sampling  of  soil 
gas  concentrations  of  total  hydrocarbons,  benzene,  and  toluene,  respectively. 

The  general  locations  of  the  contamination  indicated  by  the  individual  compounds 
are  very  similar,  suggesting,  as  in  the  case  of  the  ground  water  data,  that 
the  only  type  of  contamination  present  is  petroleum  hydrocarbons.  Data  pre¬ 
sented  in  these  figures  were  obtained  from  nominal  depths  of  2  meters  (6  feet). 
This  depth  was  selected  after  an  initial  survey  at  nominal  depths  of  1  meter 
(3  feet). 

The  results  of  total  hydrocarbons  from  the  shallower  survey  are  pre¬ 
sented  in  Figure  B-10.  These  data  indicate  two  isolated  areas  of  high  concen¬ 
trations  while  the  deeper  and  more  coi!4>lete  data  indicate  one  large  area.  The 
extent  and  degree  of  contamination  indicated  by  the  two  sets  of  data  are  sub¬ 
stantially  different.  The  shallower  data  set  would  lead  to  erroneous  conclu¬ 
sions.  Of  particular  interest  is  the  comparison  of  the  background  value 
measured  at  S3-13  with  sample  collected  ianediately  afterward  at  SG-14.  This 
sample,  at  a  depth  of  2  meters  (6  feet),  and  less  than  2  meters  away  had  a 
concentration  of  280,000  pg/L,  A  clay  barrier  was  not  evident  in  this  area  to 
explain  the  difference  between  the  two  values.  This  suggests  that  some  sort  of 
chemical,  physical,  or  biological  degradation  of  the  soil  gas  vapor  is  taking 
place  near  the  surface.  Above  this  zone,  concentrations  ara  at  background, 
while  below  it,  the  concentrations  are  substan*-'ally  higher.  Measurements  of 
background  concentrations  apparently  were  valid  t  seven  of  the  locations 
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Figure  B-8.  Concentrations  of  Benzene  in  Soil  Gas  at  the  JP-4  Spill  Site; 
Robins  AFB.  Kominal  2-Heter  (6~foot}  Sampling  Depth 
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Figure  B-9.  Concentrations  of  Toluene  in  Soil  Gas  at  the  JP-4  Spill  Site 
Robins  AF6.  Nosiinal  2>Heter  (6-foot)  Sampling  Depth 
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surveyed  at  the  shallower  depth.  However,  at  the  other  locations  where  compar¬ 
isons  were  possible,  the  shallower  concentrations  were  generally  less.  This 
emphasizes  the  importance  of  performing  a  series  >.  soil  gas  measurements  at 
several  depths  to  select  an  optimum  depth  for  the  ’pling,  at  the  outset  of  a 
study. 


Normally,  VOCs  are  present  in  JP-4  in  sufficient  quantity  to  be  detected 
in  soil  gas.  However,  the  original  JP-4  spill  occurred  in  1965,  and  the  20 
years  which  passed  allowed  ample  opportunity  for  the  VOCs  to  vaporize  or 
degrade.  This  might  have  resulted  in  negative  results  from  the  soil  gas  study 
although  the  less  volatile  components  of  organic  contamination  were  present. 
However,  VOCs  were  present  in  the  soil  gas;  the  technique  was  successful  in 
delineating  t* -  'ontanination.  The  age  of  the  spill  may  be  responsible  for  the 
large  changes  ’n  concentration  with  depth  since  a  population  of  hydrocarbon¬ 
consuming  microorganisms  would  have  had  time  to  become  well  established. 

To  compare  the  soil  gas  results  to  the  ground  water  data,  a  circle  plot 
was  prepared,  shown  in  Figure  B-11.  Two  circles  were  placed  next  to  eight 
paired  soil  gas  and  ground  water  sample  locations.  To  qualify  as  a  pair,  the 
two  samples  had  to  have  been  collected  within  5  meters  of  each  other.  The 
upper  circle  represents  the  soil  gas  concentration  and  the  lower  circle  repre¬ 
sents  the  ground  water  concentration.  The  circles  were  darkened  to  represent 
cases  when  the  concentrations  of  total  hydrocarbons  in  soil  gas  or  ground  water 
were  greater  than  background,  and  left  blank  to  represent  background  concentra¬ 
tions.  Of  the  eight  pairs,  six  showed  agreement.  The  two  cases  which  did  not 
match  both  had  ground  water  contamination  with  background-level  soil  gas  con¬ 
centrations.  At  well  LFl-1,  this  may  be  due  to  the  shallow  sampling  depth. 
However,  at  water  sampling  point  H-5,  the  nearest  soil  gas  sample,  SG-22,  was 
collected  at  the  deeper  depth,  so  this  is  not  a  possibility.  The  difference 
may  be  due  to  variations  in  subsurface  permeability.  Overall,  the  soil  gas 
results  compared  favorably  with  the  ground  water  data,  successfully  delineating 
the  organic  contamination. 

2.  Passive  Soil  Gas  Sampling  Results 

A  nunfeer  of  problems  were  encountered  during  the  analyses  of  the 
extracts  from  the  passive  samplers.  During  the  initial  desorption  of  the 
badges,  contaminated  carbon  disulfide  solvent  was  used.  This  precluded  quanti¬ 
tative  interpretation  of  the  data  from  the  six  badges  affected.  Methanol 
was  tried  as  a  solvent  but  it  also  proved  to  be  contaminated;  one  sample  was 
affected.  Solvent  from  a  different  batch  of  carbon  disulfide  was  procured  and 
the  analyses  proceeded.  Of  the  remaining  badges,  two  were  not  analyzed  for  a 
number  of  reasons  including  spillage,  or  the  badge  arriving  unsealed;  17  had 
no  detectable  contamination;  and  one  had  detectable  contamination.  For  these 
reasons,  results  are  presented  qualitatively. 

In  the  qualitative  presentations,  the  data  are  classified  into  several 
categories.  These  categories  are  listed  below: 

•  background  concentration,  using  clean  solvent; 

•  above  background  concentration,  using  clean  solvent; 

•  background  concentration,  using  contaminated  solvent; 

•  above  background  concentration,  using  contaminated  solvent;  and 

•  not  analyzed. 
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It  was  possible  to  deterniine  that  a  badge  desorbed  with  Impure  solvent  was 
contaminated  If  tne  peak  areas  on  the  chromatogram  were  substantially  greater 
and  more  numerous  than  those  for  the  solvent  chromatogram.  This  approach  would 
not  detect  minor  amounts  of  contamination  on  the  badge.  However,  the  use  of 
these  categories  makes  It  possible  to  draw  some  conclusions  about  the  effective¬ 
ness  and  potential  for  passive  soil  gas  sampling  at  the  JP-4  Spill  Site  at 
Robins  ArB. 

In  Figure  B-12,  locations  of  the  three  Installations  of  badges  at  the 
JP-4  Spill  Site  are  shown  in  relation  to  the  results  from  the  ground  water  and 
soil  gas  Investigations.  The  badges  in  group  D  were  located  between  well  LFl-3 
and  ground  water  sample  point  H-2.  At  both  these  locations,  floating  product 
was  present  In  the  ground  water  samples;  soil  gas  concentrations  were  also  high 
In  the  area,  generally  above  100,000  pg/L.  For  these  reasons,  the  badges  In 
group  D  are  believed  to  have  been  located  above  floating  product. 

Group  Els  located  15.2  meters  to  the  northwest  of  group  D.  The  entire 
nine-badge  array  was  within  a  distance  of  2  meters  of  ground  water  sampling 
point  V-3  which  had  a  total  hydrocarbon  concentration  of  1,400  pg/L.  The  array 
was  near  and  towards  the  outside  edge  of  the  Isoconcentration  contours  for  both 
1.000  pg/L  total  hydrocarbons  In  ground  water  and  10,000  pg/L  total  hydrocarbons 
In  soil  gas.  Since  the  boundaries  between  contaminated  and  uncontaminated  soil 
gas  and  ground  water  have  been  observed  to  be  very  distinct.  It  cannot  be 
concluded  with  finality  that  group  £  was  located  over  contaminated  ground 
water.  However,  the  presence  of  contamination  at  H-3  suggests  this  was  likely. 

Group  F  was  located  30.4  meters  to  the  northwest  of  group  D.  Based  on 
nearby  soil  gas  sampling  points  S6-27  and  SG-34,  and  well  LFl-2,  this  area 
was  uncontaminated. 

Figure  B-13  displays  the  results  for  each  of  the  arrays.  Array  D. 
located  over  the  floating  product,  had  six  contaminated  badges  and  two  uncon¬ 
taminated  badges.  The  badges  had  detectable  contamination  for  all  three  expo¬ 
sure  periods:  the  uncontaminated  badges  occurred  for  the  1-  and  2-day  exposure 
periods.  This  suggests  that  a  3-day  exposure  period  would  be  the  best  choice 
for  further  sampling.  Array  E  had  no  detectable  contamination  for  any  of  the 
badges.  This  may  be  due  to  a  number  of  reasons  including  a  less  contaminated 
sampling  location  than  expected,  the  shallow  installation  of  the  samplers, 
inhomogenletles  In  the  permeability  of  the  soil.  Inadequate  exposure  time,  or 
some  combination  of  these.  For  example,  physical  or  biological  degradation  may 
be  causing  soil  gas  concentrations  to  decline  near  the  surface.  The  shallow 
Installation  may  have  resulted  in  the  samplers  being  located  above  the  zone  of 
contaminated  soil  gas.  During  the  active  soil  gas  survey,  anomalously  low 
concentrations  were  measured  at  depths  of  1  meter  compared  to  depths  of  2 
meters,  suggesting  that  this  may  be  a  significant  factor.  If  exposure  time  is 
a  factor,  times  longer  than  3  days  may  be  warranted.  Array  F  had  no  detectable 
contamination  present  in  the  area;  this  is  consistent  with  the  ground  water  and 
soil  gas  data.  Based  on  this  information,  additional  surveys  might  be  conducted 
successfully  using  exposure  times  of  3  days.  It  would  be  desirable  to  conduct 
tests  for  4-  and  5-day  exposure  times  and  to  perform  a  series  of  depth  profiles 
to  determine  if  the  0.3-meter  installation  depth  should  be  increased. 
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Location  of  Passive  Samplers  in  Relation  to  Ground  Hater  and 
Active  Soil  Gas  Data  at  OP-4  Spill  Site,  Robins  AFB. 
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In  suninary,  the  results  for  the  passive  soil  gas  technique  show  some 
agreement  with  the  ground  water  and  soil  gas  data.  However,  at  this  location, 
some  badges  did  not  detect  contamination  when  it  was  believed  to  be  present. 

The  potential  for  false  negatives  in  these  cases  causes  serious  concern  over 
the  use  of  this  technique.  These  results  emphasize  the  importance  of  performing 
a  preliminary  study,  to  determine  suitable  exposure  times  and  sampling  depths, 
evaluate  natural  variability,  and  to  refine  analytical  procedures.  Within  this 
context,  it  may  be  possible  to  rely  on  the  passive  soil  gas  technique  for 
consistent  results.  Further  testing  of  the  performance  of  this  technique  is 
recommended  be^^ore  it  is  used  routinely.  Because  of  its  low  cost,  this  tech¬ 
nique  has  potential  for  reducing  site  investigation  costs. 

F.  GEOPHYSICAL  RESULTS 

•he  results  of  the  EH  surveys  will  be  presented  first,  followed  by  the 
results  of  the  direct  current  resistivity  surveys.  Conductivities  measured  by 
the  EH  inst'uirents  have  been  converted  to  resistivities  so  the  data  have  a 
common  format.  (Resistivity  is  the  reciprocal  of  conductivity.)  Figure  B-14 
shows  the  location  of  the  geophysical  survey  lines  in  relation  to  the  location 
of  the  50,000  pg/L  contour  line  for  total  hydrocarbons  in  soil  gas.  The  posi¬ 
tions  of  the  three  monitoring  v;ells  (LFl-l  to  LFl-3)  and  some  of  the  water 
san.-iiing  points  are  also  indicated  for  reference.  The  contamination  is  present 
at  the  extreme  southeast  end  of  the  survey  grid.  In  addition  to  the  high  soil 
gas  values,  pure  JP-4  fuel  was  observed  in  well  LFl-3,  and  at  water  sampling 
points  H-4  and  W-2  around  Line  S,  stations  160  to  170.  The  depth  of  the  fuel 
was  approximately  0.5  meters. 

EH  results  are  shown  as  contoured  apparent  resistivity  data  in  Figure  8-15. 
In  the  northwest  portion  of  the  survey  area,  the  EM  results  were  dominated  by 
the  presence  of  buried  pipe’ines.  This  is  seen  in  Lines  A  to  E,  Stations  30  to 
80,  and  along  Line  0,  Stations  0  to  80.  The  location  of  tnese  pipelines  was 
not  known  at  the  time  of  the  survey.  In  addition  to  these  effects,  the  grounded 
barbed  wire  fence  may  have  influenced  the  EM  response  along  the  southern  portion 
of  Line  E,  Stations  140  to  190.  In  the  southeast  portion  of  the  survey  area, 
from  Line  A  at  Station  135  to  Line  E  at  Station  200,  low  resistivity  values 
less  than  64  ohm  meters  were  observed.  These  probably  reflect  the  presence  of 
the  landfill  in  that  area.  No  correlation  is  evident  between  the  presence  of 
JP-4  fuel  in  the  subsurface  and  the  EM  apparent  resistivity  data  in  this  figure. 

Direct  Current  resistivity  soundings  were  conducted  along  Line  A,  from 
stations  10  to  130;  along  Line  C,  at  Stations  140  and  150;  and  along  Line  0 
from  stations  30  to  150.  The  pseudosections  are  shown  in  Figures  B-16  to  B-18. 
Apparent  resistivity  variations  fro»'  183  to  over  2000  ohm  meters  were  observed 
throughout  the  area,  in  both  the  contaminated  and  uncontaminated  portions.  The 
lateral  variations  around  Line  A,  Station  50,  probably  were  due  to  the  trench 
colocated  with  the  buried  pipeline.  Other  lateral  variations,  from  800  to  over 
2000  ohm  meters,  were  observed  along  Line  A  from  Stations  90  to  130.  Since  the 
active  soil  gas  survey  did  not  indicate  any  significant  contamination  in  this 
area,  these  variations  were  attributed  to  the  natural  properties  of  the  subsur¬ 
face.  Similar  results  were  observed  along  Line  D.  The  southeastern  portion  of 
Line  0,  Station  150,  was  at  the  edge  of  the  contaminated  area,  as  designated  by 
the  soil  gas  and  ground  water  data.  The  larger  electrode  separatien  distances 
went  to  the  edqs  of  the  drainage  ditch,  in  the  middle  of  the  contaminated  area. 
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There  does  not  appear  to  be  any  correlation  between  the  presence  of  JP-4  fuel 
in  the  subsurface  and  the  dc  apparent  resistivity  data  shown  in  the  pseudo¬ 
sections. 

The  apparent  resistivity  data  were  interpreted  with  one-dimensional  model 
inversions.  An  example  of  a  model  and  a  comparison  of  actual  and  predicted 
data  from  the  model  for  Line  A,  Station  10,  is  shown  in  Figure  B-19.  At  this 
station,  an  EH  sounding  also  was  obtained.  The  EH-31  data  were  interpreted  and 
a  comparison  with  the  measured  data  is  presented  in  Table  B-3.  The  resulting 
model  is  included  in  Figure  8-19.  There  is  reasonable  agreement  between  the  two 
models.  They  indicate  three  to  four  layers  of  resistivity  in  the  top  10  meters 
of  the  subsurface.  The  depth  to  the  water  table  of  3.7  meters  is  indicated  on 
the  figure.  This  was  measured  in  Hell  LFl-3  in  October  1986,  and  corrected  for 
the  elevation  change  to  this  station  from  the  grid  origin.  There  is  good 
agreement  between  this  depth  and  the  decrease  in  the  resistivity  model  from 
1400  to  300  ohm  meters  at  a  depth  of  3.4  meters. 


TABLE  8-3 

.  EH  HEASUREO  ANO  CALCULATED  DATA:  LIME  A,  STATION  10,  JP-4  SPILL 
SITE,  ROSINS  A^B. 

EK-31 

height 

meters 

Oipolc 

orientation 

Measured 
apparent 
resistivity 
ohm  meters 

Calculated 
apparent 
resistivity 
ohm  meters 

0.03 

Vertical 

200 

191 

0.88 

Vertical 

208 

217 

2.05 

Vertical 

278 

284 

0.08 

Horitontal 

286 

249 

0.83 

Horizontal 

333 

347 

2.05 

Horizontal 

500 

518 

One  dimensi 

onal  inversion  model 

,  3  layers 

Layer  1 

Resistivity  = 

159  ohm  meters 

Thickness  =  0.4  meters 

Layer  2 

Resistivity  =  2703  ohm  meters 

Thickness  =2.5  meters 

Layer  3 

Resistivity  = 

92  ohm  meters 

To  see  the  effect  of  precipitation  on  the  electrical  measurements,  a  resis¬ 
tivity  sounding  for  Line  0,  station  130,  was  repeated  following  a  rainstorm. 

On  August  20  and  21,  1986,  a  total  of  6.43  centimeters  (2.53  inches)  of  precipi¬ 
tation  was  reported  at  the  site.  No  rainfall  had  fallen  in  the  previous  5  days 
before  the  survey.  The  first  set  of  measurements  was  performed  on  August  21  at 
14:35  local  time.  The  heavy  rainfall  started  about  17:00  and  3.4  centimeters 
(1.35  inches)  fell  in  a  period  of  about  3  hours.  The  measurements  were  repeated 
the  following  morning,  August  22  at  09:30,  about  13  hours  after  the  rain  stopped. 
The  sane  electrode  holes  were  used  in  both  sets  of  readings.  The  results  are 
presented  in  Figure  B-20.  A  20  percent  decrease  is  observed  in  the  near  surface 
apparent  resistivity  measurements.  This  occurs  out  to  an  electrode  spacing  of 
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Figure  B-19.  Model  Results  and  Comparison  of  Measured  and  Calculated  dc  Resistivity  and  EM-31  Data  for 
Lino  A,  Station  10  at  the  OP-d  Spill  Site,  Robins  AFB. 
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Figure  B-20.  Comparison  of  do  Resistivity  Sounding  Results  Before  and  After  a  Rainstorm  on 
August  21,  1986  at  the  JP-4  Spill  Site,  Robins  AFB. 


2  nieters.  The  interpreted  models  indicate  a  decrease  in  the  resistivity  of  the 
second  layer  from  740  to  407  ohm  meters,  a  48  percent  decrease  in  intrinsic 
resistivity.  This  laye-  is  0.2  to  1.1  meters  in  depth.  This  decreased  resis¬ 
tivity  is  probably  due  to  an  increase  in  the  water  saturation  of  this  zone. 

These  results  provide  a  lower  bound  on  the  detection  limit  for  the  presence  of 
JP-4  in  the  present  survey.  Thus,  JP-4  contamination  could  not  be  detected 
unless  the  resistivity  contrast  of  the  JP-4  with  the  surrounding  formation  was 
greater  than  that  provided  by  these  rainfall  events. 

One-dimensional  model  calculations  were  performed  for  the  dc  resistivity 
data:  the  model  results  agree  fairly  well  with  the  observed  data.  Poor  results 
were  observed  for  Line  A,  Stations  SO,  70,  90,  and  110;  Line  C,  Station  150;  and 
Line  0,  Station  140.  These  poor  fits  were  probably  due  to  lateral  resistivity 
variations  and  indicate  that  two-dimensional  modeling  may  be  required  to  further 
interpret  the  data.  The  interpreted  cross  sections  of  the  resistivity  along 
Lines  A,  C,  and  0  are  shown  in  Figures  B-21  to  B-23.  The  results  are  plotted 
with  a  ten-to-one  vertical  exaggeration.  Four  layers  were  observed  over  most 
of  the  area.  A  fairly  high  resistivity  layer,  1000  to  over  2000  ohm  meters, 
was  observed  at  deoths  ranging  from  about  1  to  2  meters  along  Line  D  and  from 
about  0.4  to  5  meters  along  Line  A.  These  features  are  in  uncontaminated  areas 
at  the  same  depth  as  the  zone  of  JP-4  fuel  observed  in  the  wells  at  the  south¬ 
east  portion  of  the  survey  area.  It  was  not  passible  to  find  any  published 
information  on  the  electrical  resistivity  properties  of  the  JP-4  fuel.  It  is 
also  not  knov;n  how  the  fuel  might  react  with  various  geological  formations. 
Therefore,  it  was  not  initially  possible  to  attribute  any  change  in  resistivity 
of  this  layer  to  contamination  with  JP-4  fuel. 

To  obtain  a  better  understanding  of  the  electrical  properties  of  JP-4  fuel, 
a  simple  laboratory  experiment  was  conducted.  These  tests  were  designed  to 
detect  changes  in  resistivities  to  order  of  magnitude  only.  First,  indirect 
measurements  suggested  that  the  resistivity  of  pure  JP-4  is  probably  greater 
than  54,000  ohm  meters.  Then  a  container  filled  with  undersaturated,  fine¬ 
grained  sand  was  prepared  for  further  tests.  Ilie  electrical  resistivity  values 
for  the  case  with  and  the  case  without  the  JP-4  fuel  were  determined  using  a 
miniature  resistivity  array  probe.  The  range  of  values  for  the  two  cases 
overlapped.  If  the  lowest  resistivity  values  for  the  two  cases  are  selected,  a 
resistivity  increase  of  10  to  46  percent  may  be  attributed  to  the  presence  of 
the  JP-4  fuel.  These  numbers  should  be  used  with  caution,  however,  since  there 
is  no  guarantee  that  the  lowest  possible  resistivity  value  for  each  case  was 
measured.  These  results  suggest  that  even  though  the  JP-4  fuel  may  be  760 
times  (76,000  percent)  more  resistive  than  the  water  electrolyte,  the  change  in 
resistivity  of  an  undersaturated  formation  may  be  less  than  100  percent  when 
the  JP-4  is  added.  Since  the  naturally  occurring  resistivity  variations  at 
Robins  AF8  are  on  the  order  of  100  percent,  as  shown  in  Figures  B-21  to  8-23, 
it  is  questionable  whether  any  JP-4  contamination  could  be  detected  clearly 
with  dc  electrical  resistivity  measurements  at  this  study  site. 

These  siri4>le  laboratory  tests  were  conducted  with  clean,  fine-grained  sand. 
How  the  JP-4  would  interact  other  geological  formations,  in  particular  those 
including  clay,  should  be  addressed  in  future  research  efforts.  Tests  using 
core  samples  from  selected  bases  could  be  conducted  to  determine  the  properties 
of  JP-4  in  various  geological  formations.  This  would  aid  in  understanding 
what  conditions  are  necessary  for  the  detection  of  subsurface  organics  using 
geophysical  techniques. 
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Figure  B-22.  Interpreted  dc  Resistivity  Cross  Section  for  Lino  C,  JP-4  Spill  Site  at  Robins  AFB. 


Interpr’oted  dc  Resistivity  Cross  Section  for  Lino  0,  JP-4  Spiil  Site  «t  Robins  AFB. 


G.  SUMMARY 


To  summarize,  active  soil  gas  data  compared  favorably  with  the  ground  water 
data.  Active  soil  gas  samples  collected  at  depths  of  1  meter  (3  feet)  compared 
to  those  collected  at  2  meters  {6  feet)  showed  substantially  different  contami¬ 
nation.  This  emphasizes  the  importance  of  performing  a  depth  profile  at  the 
beginning  of  a  study  to  select  the  optimum  sampling  depth.  Otherwise,  erroneous 
conclusions  may  result.  The  passive  soil  gas  results  were  mixed;  results  in 
two  of  the  three  areas  tested  agreed  with  the  ground  water  data.  However,  in 
the  third  area  with  intermediate  concentrations,  the  passive  soil  gas  sampling 
aid  not  detect  contamination  which  nearby  ground  water  and  active  soil  gas  data 
indicated  was  present.  This  could  have  been  i.c  to  the  shallow  sampling  depth, 
an  inadequate  exposure  time,  or  a  sampl'ng  l..Cu;ion  outside  the  contamination. 
These  results  emphasize  the  importance  of  per'’orming  a  preliminary  study,  to 
determine  suitable  exposure  times  and  sampling  depths,  evaluate  natural  varia¬ 
bility.  and  to  refine  analytical  procedures.  Within  this  context,  it  may  be 
Dossible  to  rely  on  the  passive  soil  gas  technique  for  consistent  results. 

Further  testing  of  the  performance  of  this  technique  is  recommended  before  it 
is  used  routinely.  Because  of  its  low  cost,  this  technique  has  potential  for 
reducing  site  investigation  costs  in  some  cases. 

'ieither  the  dc  resistivity  or  EM  detected  the  contamination.  The  resis¬ 
tivity  features  ident’fied  were  attributed  to  the  natural  geological  variability, 
the  variafility  which  resulted  from  the  rainfall,  and  the  lack  of  resistivity 
contrast  between  the  JP-4  contamination  and  the  surrounding  tormation.  Rudi¬ 
mentary  laboratory  experiments  established  estimates  that  the  increase  in  resis¬ 
tivity  caused  by  adding  JP-4  to  a  clean,  fine-grained  unsaturated  sand  was 
substantially  less  than  natural  variations  of  resistivity  in  the  soil  at  Robins 
AFB. 
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APPthDIX  C 
TIKKER  AFB 


A.  BACKGROUND 

Tinkc-r  AFB  is  located  in  central  OkTahoiTia,  within  the  corporate  limits 
of  Oklahoma  City  and  adjoining  the  suburbs  of  Midwest  City  and  Del  City.  A 
lens  of  OP-4  fuel  has  been  identified  at  Fuel  Farm  290.  This  lens  is  the  focus 
of  this  investigation  and  is  believed  to  be  caused  by  leaks  from  corroding 
tanks.  Fuel  Farm  290  consists  of  a  S-acre  fenced  area  at  the  far  northern 
section  of  the  base,  west  of  the  runway.  The  fuel  farm  was  activated  in  193B 
with  the  installation  of  f’ve  81,828-liter  (18,000-gallon}  tanks.  Through 
subsequent  additions  of  113,650-liter  (25,000-gallon)  Underground  Storage 
Tanks  (USls).  the  fuel  fcri"  reached  its  present  size  of  25  USTs  in  the  early 
1940s  and  has  beer,  in  active  use  since  that  time.  The  locations  of  these  tanks 
also  are  shown  in  Figure  C-1. 

B.  GEOLOGY  AUD  HY040LOGY 

Tinker  AFB  'S  located  within  the  Central  Redbed  Plains  section  of  the 
Central  Lowland  Physiographic  Province.  The  area  encompassing  the  installation 
is  characterized  by  gently  rolling  hills,  broad  flat  plains,  and  well -entrenched 
main  streams.  The  surface  of  the  base  is  transected  by  two  Permian  litnologic 
units:  the  majority  of  the  base,  including  the  Fuel  Fanft  290  study  area,  is 
underlain  by  the  Hennessey  Group,  consisting  of  the  Fairmont  Shale  and  Kingman 
Siltstone.  The  fuel  farm  is  underlain  by  the  Fairmont  shale,  which  consists  of 
flat-lying  shales  and  sandstones.  The  far  eastern  portion  of  tr.e  base  is 
underlain  by  the  Garber  Sandstone.  The  tanks  are  in  an  area  with  10  to  20  feet 
of  unconsolidated  quaternary  alluvium  underlain  by  flat-lying  Shales  and  sand¬ 
stones.  They  are  buried  2  meters  (6  feet)  below  the  surface  within  the 
quaternary  alluvium,  whicn  consists  of  unconsolidated  and  interfingering  lenses 
of  sand,  silt,  clay,  and  gravels  (Reference  74). 

Annual  precipitation  averages  81  centimeters  (32  inches).  The  regional 
water  table  is  at  a  depth  of  approximately  18  meters  (60  feet),  and  a  perched 
water  table  occurs  within  the  alluvium  around  the  tanks  at  a  depth  of  about  2.4 
meters  (8  feet).  The  ground  water  at  the  fuel  farm  generally  moves  to  the 
north  east.  The  leaked  JP-4  fuel  occurs  as  a  lens  of  free  product  floating  on 
the  perched  water  table  in  the  north-central  part  of  the  site. 

C.  METHODS  USED 

The  measurements  conducted  at  the  Tinker  AFB  Fuel  Farm  focused  on  the 
mapping  of  the  JP-4  plume  using  soil  gas  sampling  techniques  and  on  obtaining 
ground  water  data  for  comparison  to  the  soil-gas  data.  Electrical  geophysical 
techniques  were  not  used  because  of  the  abundance  of  metal  objects  including 
fences,  railroad  tracks,  and  buried  tanks,  pipelines,  and  power  lines. 

The  first  soil  gas  study,  conducted  in  September  1936,  was  an  attempt  to 
map  the  plume  by  using  a  passive  sanpling  technique.  The  passive  soil  gas 
field  test  consisted  of  the  placement  of  36  saiplers  in  manifolds.  These  mani¬ 
folds  were  deployed  in  pairs  to  allow  comparison  of  results  for  two  different 
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Fuel  Farm  290  at  Tinker  AFB 


1  meter  (3  feet)  away  from  and  on  opposite  sides  of  the  existing  inonitoring 
wells,  in  anticipation  of  the  second  part  of  the  study  when  ground  water  samples 
would  be  collected  from  the  wells  for  coitparison  purposes.  Figure  C-2  shows  the 
sampler  locations  in  relation  to  the  monitoring  wells.  At  two  wells,  two  pairs 
of  samplers  were  used  to  provide  an  estimate  of  sampling  variability  {B-07  and 
B-08:  B-17  and  B-I8,  respectively).  Sampler  pair  3-14  was  placed  midway  between 
two  wells  because  it  was  not  possible  to  dig  a  0.3-meter  (1-foot)  hole  in  the 
highly  compacted  soil  between  the  railroad  tracks.  In  comparing  the  sampler 
locations  with  the  lens  of  free  product  shown  in  Figure  C-1,  there  are  a  total 
of  three  sampler  pairs  over  the  free  product  area;  eight  pairs  on  the  border  of 
the  area,  with  the  remaining  seven  pairs  further  away.  These  locations  were 
chosen  to  provide  a  wide  variety  of  soil  gas  concentrations. 

The  second  soil  gas  study  used  an  active,  real-time  technique  and  was 
performed  during  the  week  of  Kovember  11  to  November  15,  1986.  A  total  of  30 
soil  gas  samples  were  collected  as  is  shown  in  Figure  C-3.  The  soil  gas  saa^les 
were  collected  from  a  predetermined  depth  of  1  to  1.6  meters  (3  to  5  feet). 

This  depth  was  selected  due  to  the  perched  water  table  present  at  oepths  between 
2.1  and  2.6  meters  (7  and  8  feet).  The  optimum  sampling  depth  was  unattainable 
at  six  locations  due  to  an  impermeable  clay  layer.  It  was  then  determined  in 
the  field  that  a  sample  collected  at  a  depth  range  of  0.6  to  1  meter  (2  to  3 
feet)  would  be  considered  to  provide  valid  data.  These  samples  were  analyzed 
for  benzene,  toluene,  ethyl  benzene,  xylene,  and  total  hydrocarbons  without 
methane. 


At  the  same  time  the  second  soil  gas  survey  was  performed,  13  water  samples 
were  collected  from  the  existing  monitoring  wells  as  shown  in  Figures  C-2  and 
C-3.  Polyethylene  tubing  and  a  peristaltic  pump  were  used;  the  well  was  not 
purged.  Keasurements  of  depth  to  the  water  table  and  the  thickness  of  the 
floating  product  at  the  existing  monitoring  wells  made  it  possible  to  check  the 
present  location  of  the  plume  against  that  as  determined  by  previous  studies. 

The  passive  soil  gas  samplers  were  installed  and  removed  by  EPA  and  Air 
Force  personnel;  the  sampler  analyses  were  per^'ormed  by  Lockheed  Engineering 
and  Hanagement  Services  Company,  Inc.,  personnel  at  EMSL-LV.  The  active  soil- 
gas  sampling  effort  and  the  ground  water  analyses  were  conducted  by  Tracer 
Research  Corporation.  Inc.  under  contract  to  EPA.  Hater  level  and  floating 
product  measurements  were  performed  by  EPA. 

0.  GROUND  HATER  RESULTS 

Maps  showing  depth  to  water  table  and  thickness  of  floating  product  deter¬ 
mined  from  EMSL-LV  measurements  are  provided  in  Figures  C-4  and  C-5.  The  water 
table  map  shows  ground  water  flow  direction  is  to  the  northeast.  The  map  of 
thickness  of  floating  oroduct  shows  thicknesses  ranging  from  0  to  2.5  meters 
(8.2  feet).  Assuming  the  wells  are  screened  in  the  same  manner,  and  the  perme¬ 
ability  of  the  soil  around  each  well  is  similar,  then  the  thickness  of  floating 
product  will  be  proportional  to  the  amount  of  product  in  the  formation.  How¬ 
ever,  the  thickness  in  the  well  will  be  greater  than  the  thickness  in  the 
formation.  These  figures  show  that  the  greatest  thicknesses  correspond  in 
location  and  general  extent  to  the  previous  results.  There  has  been  very 
little  change  in  plume  location  since  the  earlier  study  was  done. 
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Figure  C-Z.  Passive  Soil  Gas  Sampling  Locations,  Fuel  Farm  290,  Tinker  AFB 
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Figure  C-3.  Active  Soil  Gas  and  Ground  Water  Sampling  Locations,  Fuel  Farm  290,  Tinker  AFB. 
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Depths  to  Hntor  Tahle  at  Fuel  Farm  Z90,  Tinker  AFC 
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Figure  C-5.  Thickness  of  Floating  Product  at  Fuel  Farm  290,  Tinker  AFB 


Haps  showing  concentrations  of  benzene,  toluene,  and  total  hydrocarbons  in 
ground  water  are  provided  in  Figures  C-6,  C-7,  and  C-8.  Values  for  ethyl 
benzene  and  o-xylene  were  below  detectable  limits  except  in  three  and  two  cases 
respectively:  naps  could  not  be  prepared  for  these  compounds.  The  maps  for 
benzene,  toluene,  and  total  hydrocarbons  are  very  similar  to  each  other  and  to 
the  floating  product  map  in  Figure  C-1.  These  data  provide  the  most  direct 
information  on  the  location  of  the  contamination,  and  provide  the  base  of 
information  to  which  the  soil  gas  measurements  were  compared.  In  two  cases 
when  floating  product  was  present,  ground  water  samples  were  not  collected. 

The  high  concentrations  present  in  these  samples  would  have  contaminated  the  GC 
column,  requiring  it  be  heated  to  a  high  temperature  for  several  hours  before 
it  could  be  used  again,  a  time-consuming  process. 

E.  SOIL  GAS  RESULTS 

1.  Active  Soil  Gas  Sampling 

Haps  of  the  active  soil  gas  sai^ling  data  for  benzene,  toluene,  and 
total  hydrocarbons  are  provided  in  Figures  C-9,  C-10,  and  C-11.  Haps  for  ethyl 
benzene  and  xylene  were  not  prepared  because  only  four  and  two  values  respec¬ 
tively  were  greater  than  detection  limits.  These  isoconcentration  maps  indicate 
that  the  subsurface  contamination  occurred  in  one  major  area.  This  area  incor- 
po'-ates  the  area  corresponding  to  the  floating-product  as  determined  by  the 
ground  water  samples  and  the  floating-product  measurements.  The  highest  concen¬ 
trations  of  contaminants  were  located  in  the  northern  most  section  of  the  fuel 
farm,  forming  an  east-west  elliptical  zone  between  sampling  points  SG-IO  and 
SG-K.  This  zone  is  easily  identified  in  all  three  isoconcentration  maps. 
However,  high  values  also  occurred  in  the  western  and  southern  areas  of  the 
Fuel  Farm  and  may  be  isolated  spots  around  SG28  and  SG29.  No  further  conclu¬ 
sions  could  be  drawn  for  this  area  because  of  the  limited  data  available.  The 
contours  are  drawn  to  include  these  points  in  the  high  area. 

At  most  locations,  the  clay  soil  did  not  affect  the  collection  of  the 
soil  gas  sample.  Two  anomalously  low  values  occur  at  SGI7  and  SG20,  in  the 
midst  of  some  of  the  highest  values  measured.  This  may  be  attributed  to  vari¬ 
ability  in  soil  gas  concentration  and  soil  permeability,  or  sampling  error. 

The  most  likely  reason  for  these  low  values  is  the  extreme  hardness,  high  clay 
content  and  associated  low  permeability  of  the  soil  in  this  area.  In  other 
areas,  the  soil  was  more  friable.  It  was  not  difficult  to  determine  when  the 
soil  gas  probe  was  inserted  into  cloy;  the  vacuum  values  required  to  draw  a 
sample  increased  substantially.  It  was  observed  that  samples  were  usually  not 
valid  at  vacuum  pressures  greater  than  1.36  atmospheres  (20  pounds  per  square 
inch).  It  would  be  desirable  to  record  vacuum  values  along  with  the  other 
data,  to  aid  in  validation  of  the  results.  Overall,  in  spite  of  the  clay  soil, 
the  active  soil  gas  measurements  successfully  mapped  the  location  of  the 
contaminated  ground  water. 

2.  Passive  Soil  Gas  Sampling 

Haps  showing  the  passive  sampling  data  for  total  hydrocarbons  using 
data  for  the  nominal  2A-  and  96-hour  exposure  tiroes  are  provided  in  Figures 
C-12  and  C-13.  These  concentrations  were  computed  using  equation  (4)  and 
exposure  times  for  each  sampler,  nominally  24  and  96  hours.  The  maps  show 
some  similarities  in  the  patterns  for  the  24-  and  96-hour  data.  However, 
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Concentrations  of  Benzene  In  Ground  Water  at  Fuel  Farm  290,  Tinker  AFB. 
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Figure  C-0.  Concentrations  of  Total  Hydrocarbons  In  Ground  Water  at  Fuel  Farm  290,  Tinker  AFB. 
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Figure  C-9.  Active  Soil  Gas  Sampling  Results  for  Benzene  at  Fuel  Farm  290,  Tinker  AFB 
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Figure  C-10.  Active  Soil  Gas  Sampling  Results  for  Toluene  at  Fuel  Farm  290,  Tinker  AFB. 
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Figure  C-11.  Active  Soil  Gas  Sampling  Results  for  Total  Hydrocarbons  at  Fuel  Farm  290,  Tinker  AFB. 


Figure  C-12.  Passive  Soil  Gas  Sampling  Results  for  Total  Hydrocarbons  with  a  Nominal  24-Hour 
Exposure  Time  at  Fuel  Farm  290,  Tinker  AFB. 
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Figure  C-13.  Passive  Soil  Gas  Sampling  Results  for  Total  Hydrocarbons  with  a  Nominal  96-Hour 
Exposure  Time  at  Fuel  Farm  Z90,  Tinker  AFn. 


concentrations  for  the  ?6-hour  data  were  often  substantially  lower  than  those 
for  the  24-hour  data.  In  addition,  it  is  interesting  to  note  that  while  one 
area  of  high  concentrations  at  the  western  end  of  the  tanks  is  reflected  in 
both  sets  of  data,  another  area  rare  closely  aligned  with  the  floating  product 
location  was  delineated  clearly  only  in  the  96-hour  data.  In  comparing  the 
passive  soil  gas  data  with  the  ground  water  data,  the  general  features  depicted 
by  the  passive  soil  gas  data  are  not  the  saire  as  the  ground  water  data.  This 
is  partly  because  a  number  of  samples  were  collected  where  there  was  no  corres¬ 
ponding  data  from  wells,  at  the  western  end  of  the  tanks.  A  rwre  cor^lete 
comparison  of  these  data  with  active  soil  guS  and  ground  water  data  appears  in 
the  comparisons  discussion. 

Variability  information  for  this  method  is  provided  in  Table  C-1 
including  values  for  the  trip  blanks  and  the  duplicates.  The  trip  blank  values 
are  higher  than  the  values  detected  in  some  samples.  This  suggests  that  the 
ambient  atmosphere  may  be  contaminated  with  hydrocarbons,  which  is  reasonable 
near  a  fuel  farm.  The  duplicate  data  show  good  agreement  for  the  badges 
installed  in  the  low  concent'^ation  area,  and  reasonably  good  agreement  for 
three  out  of  four  of  the  badges  installed  in  the  higher  concentration  area. 

The  variations  in  the  duplicate  data  may  be  due  to  local  inhomogeneities 
in  contamination  or  in  soil  permeability;  another  possibility  is  that  the  well 
nearby  collects  the  hydrocarbon  vapors,  reducing  the  concentrations  in  the  soil. 
Z'  the  well  were  screened  into  the  vadose  zone  as  night  be  desired  to  collect 
floating  product,  the  well  might  also  collect  soil  vapor,  causing  reduced  soil 
gas  concentrations  in  the  surrounding  soil. 


TABLE  C-1.  VASIASILITY  INrOSSATIOS  FO^  THE  PASSIVE  SAMPLER  TECHNIQUE. 


Total  Hydrocarbon  Concentration 
parts  per  million  by  volume  (ppmv) 


B1 anks: 


Trip  Blank  I 

1.1 

Trip  Blank  2 

2.4 

Duplicates: 

24-hour 

96-hour 

exposure 

exposure 

Moderate  Concentrations 

B-07 

704.0 

5.0 

B-08 

422.0 

460.0 

Low  Concentrations 

B-17 

27.0 

50.0 

B-18 

18.0 

13.0 

16; 


A  troiiblina  issue  is  the  large  differences  in  values  for  the  nominal 
24-  and  96-hoar  exposure  tines.  The  passive  sampler  data  are  listed  in  order 
from  lowest  to  hint-  st  in  Table  C-2.  For  example,  the  highest  values  detected 
for  this  method  a-  2931  parts  per  nillion,  volume  (ppmv)  at  B-30:  1638  ppmv  at 
3-16;  and  1510  ppmv  at  3-20,  for  the  24-hour  exposure  time.  The  corresponding 
data  for  these  locations  for  96-hour  exposure  times  are  1047  ppmv  at  B-30;  44.7 
ppnv  at  3-16,  and  100  ppmv  at  B-20.  This  same  pattern  shows  for  samples  at 
lower  concentrations.  It  was  expected  that  badge  loadings  for  the  longer  time 
would  be  greater  than  fcr  the  shorter  time.  In  this  case,  it  was  generally  not 
true.  In  another  study  performed  in  an  area  with  mixed  sand  and  gravel  soil, 
badge  loadings  for  long-term  exposures  were  greater  than  those  for  short  term 
exposu'-es  (Reference  10).  Reasons  for  the  differences  may  include  natural  and 
man  made  variability  in  the  soil  from  location  to  location;  variations  in  the 
soil  gas  concentrations  resulting  from  changes  in  barometric  pressure,  soil 
moisture,  temperature,  or  relative  humidity  during  the  latte-  days  of  the 
96-hour  sampling  period:  saturation  of  the  badges  by  organic  or  water  vapor; 
decreased  collection  efficiency  due  to  increased  humidity;  or  limitations  in 
the  diffusion  rate  of  VOCs  through  the  surrounding  soil.  These  possibilities 
are  discussed  further  below.  It  is  also  possible  that  a  sam;,ling  voluw 
established  for  industrial  hygiene  purnoses  may  net  be  appropriate  for  a  badge 
sampling  from  soil.  This  is  a  topic  for  further  investigation. 


TABLE  C-2.  PASSIVE  SOIL  GAS  DATA  FR0«  BADGES  SORTED 
-fiCK-i  LO;  eST  TO  HIGHEST 

Concentration  (ppmv) 

24-hour _ 96-hour _ Sample  number 


invalid  data 

0.1 

B-01 

invalid  data 

0.1 

B-02 

0.4 

0.1 

B-18 

0.6 

1.0 

8-17 

0.8 

0.0 

9-06 

0.8 

0.2 

8-12 

1.4 

0.1 

B-16 

1.5 

0.4 

3-10 

3.0 

0.1 

8-11 

8.7 

9.5 

B-08 

12.3 

0.1 

3-03 

14.5 

0.1 

B-07 

15.3 

0.3 

3-05 

276.5 

153.9 

B-04 

284  1 

54. C 

8-09 

1509.5 

100.3 

B-13 

1688.3 

44.7 

B-14 

2931.8 

1046.9 

3-15 

Since  the  samplers  in  each  pair  were  placed  as  much  as  ?  meters  (6  feet) 
apart,  it  is  conceivable  that  the  badges  installed  for  the  96-hour  exposure 
period  were  somehow  installed  in  locations  with  lower  soil  gas  concentrations. 
However,  the  data  for  duplicates  shows  that  for  those  cases,  the  order-of- 
roagnitude  variations  cannot  be  explained  by  the  installation  pattern  used. 
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The  possibility  of  changes  in  soil  gas  concentration  due  to  changes  in 
barometric  pressure,  temperature,  and  humidity  in  soil  gases  during  the  exposure 
period  was  considered.  These  parameters  were  not  tseasured,  so  no  evaluation  is 
possible.  Saturation  o^  the  badges  is  unlikely  because  of  the  capacity  of  the 
badges. 

The  possibility  of  a  decrease  in  sampler  efficiency  due  to  increased 
humidity  was  considered.  However,  because  the  pattern  observed  applies  to  both 
high  and  low  concentrations,  decreased  efficiency  could  not  be  the  factor.  For 
example,  increased  humidity  would  decrease  the  sampler  capacity  for  VOCs,  and 
the  effect  would  be  observed  only  for  higher  concentrations. 

The  Bossibillty  that  the  amount  of  VOCs  moving  to  the  badge  was  being 
limited  by  the  diffusion  rate  was  also  considered.  In  this  concept,  the  badge 
wou’d  adsorb  the  soil  gas  in  the  soil  pores  near  the  badge.  Additional  adsorp¬ 
tion  would  depend  on  the  diffusion  of  additional  vapors  to  the  collection  area. 
If  the  diffusion  rate  was  very  slow  corpared  to  the  adsorption  rate  of  the 
badge,  then  the  badge  would  only  be  able  to  sample  from  a  fixed  volume  near 
the  badge.  Vapor  diffusion  is  known  to  be  slow  in  clay.  However,  without 
additional  information,  this  possibility  cannot  be  evaluated  further. 

To  suirmarize,  the  badge  data  delineated  two  co-ntaminated  areas,  one 
confirmed  by  the  ground  water  data,  and  one  in  an  area  with  limited  ground  water 
data.  The  duplicate  data  generally  showed  good  agreement,  and  the  pattern  in 
concentrations  observed  may  be  due  to  the  location  of  individual  samplers  in 
relation  to  the  well  and  ground  water  flow  direction.  A  surprising  result  was 
that  the  loadings  on  badges  exposed  for  96  hours  were  approximately  the  sane  as 
the  loadings  on  badges  exposed  for  24  hours.  A  possible  explanation  for  this 
phenomena  ’"j  that  the  ciovessnt  of  soil  vapors  to  the  badges  is  diffusion  limited 
for  this  clay  soil.  A  number  of  other  possibilities  were  also  considered;  the 
necessary  information  was  not  available  to  evaluate  them. 

3.  Comparisons 

As  shown  in  Figures  C-2  and  C-3,  the  study  was  planned  so  that  ground 
water  samples  and  passive  and  active  soil  gas  samples  each  would  be  collected 
w’thin  1  meter  (3  feet)  of  the  monitoring  wells  at  12  locations.  These  loca¬ 
tions  span  all  areas  of  contamination,  from  tho  most  centarainated  to  the  least. 
To  further  compare  the  results  from  the  different  methods,  the  data  were  dis¬ 
played  using  three  circles  placed  next  to  the  wells  whore  multiple  techniques 
were  used.  The  top,  northern  roost  circle  corresponds  to  active  soil  gas  results 
the  middle  circle  corresponds  to  ground  water  data;  and  the  bottom,  southern 
most  circle  corresponds  to  the  passive  soil  gas  data.  The  circle  was  darkened 
if  the  value  reported  for  that  technique  exceeded  a  criterion.  For  Figure  C-14, 
which  is  a  comnarison  of  high  values  measured  by  each  technique,  the  criterion 
was  that  a  value  must  exceed  the  lowest  background  value  for  that  technique  by 
at  least  a  factor  of  IPO.  For  Figure  C-15,  a  medium  and  high  value  comparison, 
a  valqe  had  to  be  greater  than  the  background  values  for  that  technique.  All 
circles  darkened  or  all  empty  indicates  all  three  techniques  agree.  This 
occurs  at  four  locations  in  both  cases.  The  sample  from  the  western  most  set 
of  wells  shows  a  high  ground  water  concentration,  but  low  active  and  passive 
soil  gas  concentrations.  This  well  is  believed  to  be  screened  at  a  different 
depth  than  the  other  wells,  and  not  indicative  of  the  same  contamination. 
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Figure  C-14.  Comparison  of  High  Values  Measured  by  Each  Technique  at  Fuel  Farm  290,  Tinker  AFB. 
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Figure  C-15.  Comparison  of  Medium  and  Hli,  Values  Measured  by  Each  Technique  at 
Fuel  Farm  290,  Tinker  AFB. 


Active  soil  gas  and  ground  water  results  agree  at  9  locations  in  the  comparison 
of  high  values,  and  at  10  locations  in  the  comparison  of  medium  and  high  values. 
Passive  soil  gas  and  ground  water  data  agreed  at  5  locations  in  the  high  values 
comparison,  and  at  5  locations  in  the  medium  and  high  values  comparison.  The 
active  soil  gas  technique  d’d  not  detect  the  contamination  indicated  by  the 
ground  water  samples  at  3  locations  in  the  high  value  comparison  and  2  locations 
in  the  medium  and  high  value  comparison. 

The  passive  soil  gas  data  agreed  less  frequently  with  the  ground  water 
data  than  the  active  soil  gas  data.  This  suggests  that  the  badge  soil  gas 
technique  may  not  be  responding  to  the  sane  contamination  as  the  active  tech¬ 
nique.  One  reason  this  may  occur  is  the  differing  depths  of  sampling;  the 
soil  gas  samples  were  collected  at  depths  of  0.6  tO  1.1  meters  (2  to  4  feet) 
while  the  passive  samplers  were  installed  at  a  depth  of  0.3  meters  (1  foot). 
Being  nearer  to  the  surface  would  make  the  badges  more  sensitive  to  surface 
contam. nation,  and  to  the  effects  of  degradation.  This  suggests  that  for 
the  two  soil  gas  measurement  techniques  to  be  comparable,  a  method  must  be 
developed  to  instal'  the  passive  samplers  at  depths  similar  to  those  used  in 
active  soil  gas  sampling.  Of  course,  there  will  be  cases  such  as  delineating 
surface  contam' nat' on,  when  the  shallow  sanpling  depth  is  an  advantage. 

F .  SUS;4A9Y 

To  summarize,  the  active  soil  gas  data  compared  favorably  with  the  ground 
water  data  in  spite  of  the  clay  soil.  When  working  in  clay,  it  would  be  desir¬ 
able  to  record  vacuum  values  along  with  the  other  data,  to  aid  in  validation  of 
the  results.  At  fnH  site,  high  vacuum  values  were  indicative  of  an  invalid 
sample.  Overall,  the  active  soil  gas  measurements  successfully  mapped  the 
location  of  the  contaminated  ground  water. 

The  passive  soil  gas  data  agreed  less  frequently  with  the  ground  water  data 
than  the  active  so'-l  gas  methoo.  This  suggests  that  the  passive  soil  gas  tecn- 
mque  Ray  not  be  respondytig  to  the  same  contamination  as  the  active  technique. 
Cne  reason  th  s  have  is  the  differing  depths  of  sampling.  Being 

nearer  to  the  surface  wov..-  make  the  b^ss-  more  sensitive  to  surface  spills, 
and  to  tha  effects  of  degradation.  This  suggests  that  for  the  two  soil  gas 
measurement  techniques  tc  oe  qonparable,  a  method  mast  be  developed  to  install 
the  passive  samplers  ac  depths  similar  the  active  simplitjg  gfspths.  Fuii;her 
testing  o*  the  peifonsance  of  this  techn-Mpie  is  recomaended  before  it  is  used 
routinei*..  Because  ot  its  low  cost,  this  passive  sou  gas  sampling  has  poten¬ 
tial  ^0!  reducing  site  in«sst*gatiqa  casts,  if  some  of  the  questions  about  the 
issennique  can  be  resol  »ea. 
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